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1. REAL PARTY IN INTEREST 

The real party in interest is Genentech, Inc., South San Francisco, California, by an 
assignment of the parent application, U.S. Patent Application Serial No. 09/941,992 recorded 
November 16, 2001, at Reel 012176 and Frame 0450. 

2. RELATED APPEALS AND INTERFERENCES 

The claims pending in the current application are directed to antibodies that bind a 
polypeptide referred to herein as "PROl 182." Related patent applications, U.S. Serial No. 
09/997,529, filed November 15, 2001 (containing claims directed to the PRO 11 82 polypeptides), 
and U.S. Serial No. 09/989,734, filed November 19, 2001 (containing claims directed to the 
nucleic acids encoding PROl 182 ) are also under final rejection from the same Examiner and 
based upon the same outstanding rejection, an appeal of the final rejections are being pursued 
independently and concurrently herewith. 

3. STATUS OF CLAIMS 

Claims 119-123 are in this application. 
Claims 1-118 are canceled. 

Claims 1 19-123 stand rejected and Appellants appeal the rejection of these claims. 
A copy of the rejected claims involved in the present Appeal is provided in the Claims 
Appendix. 

4. STATUS OF AMENDMENTS 

There were no amendments submitted after final rejection. All previous amendments 

have been entered. 

5. SUMMARY OF CLAIMED SUBJECT MATTER 

The invention claimed in the present application concerns an isolated antibody that 
specifically binds to the polypeptide of SEQ ID NO: 357 (Claim 119). The invention further 
provides monoclonal antibodies (Claim 120), humanized antibodies (Claim 121), antibody 
fragments (Claim 122), and labeled antibodies (Claim 123) that specifically bind to the 
polypeptide of SEQ ID NO:357. 
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Support for the preparation and uses of antibodies is found in the specification, including, 
for example, at pages 390-398. The preparation of antibodies is described in Example 144, while 
Example 145 describes the use of the antibodies for purifying the polypeptides to which they 
bind. Isolated antibodies are defined in the specification at page 3 12, lines 17-22. Support for 
polyclonal, monoclonal antibodies are found in the specification at, for example, page 390. 
Support for humanized antibodies is found in the specification at, for example, page 392 
onwards. Support for antibody fragments is found in the specification at, for example, page 314 
to page 316. Support for labeled antibodies is found in the specification at, for example, page 
316. 

The polypeptide of SEQ ID NO:357 is designated PROl 182, and its amino acid sequence 
is shown in Figure 252, while the encoding nucleic acid sequence (SEQ ID NO:356) is shown in 
Figure 251. The isolation of cDNA clones encoding PRO 11 82 of SEQ ID NO:357 is described 
in Example 1 11, page 492. Examples 140-143 describe the expression of PRO polypeptides in 
various host cells, including E. coli, mammalian cells, yeast and Baculovirus-infected insect 
cells. The specification further discloses that antibodies to PRO polypeptides may be used, for 
example, in purification of PRO (page 380), in diagnostic assays or as antagonists to PRO (page 
397), and as elements of pharmaceutical compositions for the treatment of various disorders 
(page 396). 

Finally, Example 158, in the specification at page 530, shows that PROl 182 tested 
positive in the Adipocyte Glucose/ FFA uptake assay, demonstrating that PROl 182 is active as a 
stimulator of glucose and/or FFA uptake, and therefore would have utility in the therapeutic 
treatment of disorders where the stimulation of glucose uptake by adipocytes would be 
beneficial, for example, obesity, diabetes or hyper- or hypo-insulinemia. 

6. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

I. Whether Claims 1 19-123 satisfy the utility requirement of 35 U.S.C. §101 
and 35 U.S.C. §112, first paragraph. 
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7. ARGUMENT 
Summary of the Arguments 

Issue I: Utility 

The Examiner continues to maintain rejections based on the gene amplification assay (see 
pages 2-5 of the Final Office Action). Since Appellants need show at least one utility to meet the 
requirements of 35 U.S.C. §101, instead of the gene amplification assay , the instantly pending 
claims were amended to rely upon assay 94 or 'the glucose/FFA uptake assay,' (Example 158) 
for patentable utility of PRO 1 182 polypeptides, in the responses filed March 10, 2005 and June 
23, 2005. Accordingly, any of the Examiner's rejections /references or discussions referring to 
the gene amplification assay are not currently addressed. Only rejections directed to the 
glucose/FFA uptake utility are discussed below. 

Patentable utility of the claimed PRO 1 182 polypeptides is based upon the results of the 
adipocyte glucose/FFA uptake assay for this polypeptide. The specification discloses that the 
adipocyte glucose/FFA uptake assay is designed to determine whether a polypeptide is capable 
of modulating, either positively or negatively, the uptake of glucose or free fatty acids in 
adipocyte cells. By making such determinations, the assay identifies polypeptides that are 
expected to be useful for treating disorders wherein stimulation or inhibition of glucose uptake 
by adipocytes is expected to be therapeutically effective, for example, diabetes, and hyper- or 
hypo-insulinemia. 

The glucose/FFA uptake assay, as described in Example 158 of the instant application, 
was well known in the art at the time of the effective filing date of the instant application. As 
demonstrated by the references of record, similar assays were commonly used to identify 
potential anti-diabetic agents. For instance, at the time of the effective filing date of the instant 
application, it was well known in the art that increasing glucose uptake by adipocyte cells is a 
hallmark of a number of therapeutically effective agents, such as troglitazone and pioglitazone. 
Treatment with vanadium salts, another agent which increased glucose uptake, was shown to 
lower glucose levels in hyperglycemic rats. Diabetes, hyperglycemia, and obesity were know at 
the time of filing to be closely linked conditions (see, for example, Sandouk, page 352). Thus, 
the art has shown that agents which decrease circulating FFA levels (or increase glucose/FFA 
uptake by adipocytes) are useful in the treatment of disorders such as diabetes, hyperglycemia, 
and obesity. 
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Appellants note that the evidentiary standard to be used throughout ex parte examination 
in setting forth a rejection is a preponderance of the totality of the evidence under consideration. 
Thus, to overcome the presumption of truth that an assertion of utility by the applicant enjoys, 
the Examiner must establish that it is more likely than not that one of ordinary skill in the art 
would doubt the truth of the statement of utility. Only after the Examiner has made a proper 
prima facie showing of lack of utility, does the burden of rebuttal shift to the applicant. 
Therefore, the legal standard for patentable utility is not absolute certainty. Clear evidence 
supports the glucose/FFA uptake enhancing activity of PROl 182. Therefore, one skilled in the 
art would know that antibodies to PROl 182, especially agonistic an tibodies to PROl 182, would 
be useful in enhancing glucose uptake by adipocyte cells. On the other hand, the Examiner has 
provided no evidence to demonstrate that it more likely than not that one of skill in the art would 
doubt the truth of this asserted utility of PROl 182 as an enhancer of glucose/FFA uptake. 

It is known in the art that FFA levels regulate glucose uptake by adipocytes. Thus, even 
if the actual mechanistic effect of PROl 182 is only to directly increase FFA uptake by adipocyte 
cells, this will necessarily result in indirectly increasing glucose uptake by adipocytes. 
Furthermore, agents which are well known in the art as useful in the treatment of diabetes, such 
as the thiazolidenediones, have been shown to exert their effects, at least in part, through the 
increase of FFA uptake by adipocytes. Accordingly, an agent which increases FFA uptake by 
adipocytes has the same utility in the treatment of disease as those recognized by the Examiner 
for agents which enhance glucose uptake. 

Accordingly, Appellants submit that when the proper legal standard is applied, one 
should reach the conclusion that the present application discloses at least one patentable utility 
for the claimed antibodies to PROl 182 polypeptides; i.e., agonistic antibodies to PRO 11 82, 
would be useful in enhancing glucose uptake by adipocyte cells. Further, based on this utility, 
one of skill in the art would know exactly how to use the claimed antibodies without any undue 
experimentation. 

These arguments are all discussed in further detail below under the appropriate headings. 

ISSUE I: Claims 119-123 satisfy the utility requirement of 35 U.S.C . S101 and 35 U.S.C. 
§112, first paragraph 
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Claims 1 19-123 stand rejected under 35 U.S.C. §101 because allegedly "the claimed 
invention is not supported by either a specific and substantial asserted utility or a well- 
established utility." (Page 2 of the Final Office Action mailed April 4, 2006). 

Appellants submit, for the reasons set forth below, that the specification discloses at least 
one credible, substantial and specific asserted utility for the PRO 1 182 polypeptide and the 
claimed antibodies that bind it. 

A. The Legal Standard for Utility 

According to 35 U.S.C. § 101 : 

Whoever invents or discovers any new and useful process, machine, manufacture, or 
composition of matter, or any new and useful improvement thereof, may obtain a 
patent therefor, subject to the conditions and requirements of this title. (Emphasis 
added). 

In interpreting the utility requirement, in Brenner v. Manson, 1 the Supreme Court held 
that the quid pro quo contemplated by the U.S. Constitution between the public interest and the 
interest of the inventors required that a patent applicant disclose a "substantial utility" for his or 
her invention, i.e. a utility "where specific benefit exists in currently available form." 2 The Court 
concluded that "a patent is not a hunting license. It is not a reward for the search, but 
compensation for its successful conclusion. A patent system must be related to the world of 
commerce rather than the realm of philosophy." 

Later, in Nelson v. Bowler, 4 the C.C.P.A. acknowledged that tests evidencing 
pharmacological activity of a compound may establish practical utility, even though they may 
not establish a specific therapeutic use. The court held that "since it is crucial to provide 
researchers with an incentive to disclose pharmaceutical activities in as many compounds as 
possible, we conclude adequate proof of any such activity constitutes a showing of practical 
utility." 5 

1 Brenner v. Manson, 383 U.S. 519, 148 U.S.P.Q. (BNA) 689 (1966). 

2 Id. at 534, 148 U.S.P.Q. (BNA) at 695. 

3 Id. at 536, 148 U.S.P.Q. (BNA) at 696. 

4 Nelson v. Bowler, 626 F.2d 853, 206 U.S.P.Q. (BNA) 881 (C.C.P.A. 1980). 

5 Id. at 856, 206 U.S.P.Q. (BNA) at 883. 
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In Cross v. Iizuka, 6 the C.A.F.C. reaffiimed Nelson, and added that in vitro results might 
be sufficient to support practical utility, explaining that "in vitro testing, in general, is relatively 
less complex, less time consuming, and less expensive than in vivo testing. Moreover, in vitro 
results with the particular pharmacological activity are generally predictive of in vivo test results, 
i.e. there is a reasonable correlation there between." 7 The court perceived "No insurmountable 
difficulty" in finding that, under appropriate circumstances, "in vitro testing, may establish a 
practical utility." 8 

The case law has also clearly established that applicants' statements of utility are usually 
sufficient, unless such statement of utility is unbelievable on its face. 9 The PTO has the initial 
burden to prove that applicants' claims of usefulness are not believable on their face. 10 In 
general, an Applicant's assertion of utility creates a presumption of utility that will be sufficient 
to satisfy the utility requirement of 35 U.S.C. §101, "unless there is a reason for one skilled in 

1112 

the art to question the objective truth of the statement of utility or its scope." ' 

Compliance with 35 U.S.C. §101 is a question of fact. 13 The evidentiary standard to be 
used throughout ex parte examination in setting forth a rejection is a preponderance of the 
totality of the evidence under consideration. 14 Thus, to overcome the presumption of truth that 
an assertion of utility by the applicant enjoys, the Examiner must establish that it is more likely 
than not that one of ordinary skill in the art would doubt the truth of the statement of utility. 



6 Cross v. Iizuka, 753 F.2d 1047, 224 U.S.P.Q. (BNA) 739 (Fed. Cir. 1985). 

7 Id. at 1050, 224 U.S.P.Q. (BNA) at 747. 

8 Id. 

9 In re Gazave, 379 F.2d 973, 154 U.S.P.Q. (BNA) 92 (C.C.P.A. 1967). 
,0 Ibid. 

11 In re Lunger, 503 F.2d 1380,1391, 183 U.S.P.Q. (BNA) 288, 297 (C.C.P.A. 1974). 

12 See also In reJolles, 628 F.2d 1322, 206 U.S.P.Q. 885 (C.C.P.A. 1980); In re Irons, 340 F.2d 974, 144 
U.S.P.Q. 351 {1965); In re Sichert, 566 F.2d 1154, 1159, 196 U.S.P.Q. 209, 212-13 (C.C.P.A. 1977). 

13 Raytheon v. Roper, 724 F.2d 951, 956, 220 U.S.P.Q. (BNA) 592, 596 (Fed. Cir. 1983) cert, denied, 469 
US 835 (1984). 

14 In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d (BNA) 1443, 1444 (Fed. Or. 1992). 
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Only after the Examiner made a proper prima facie showing of lack of utility, does the burden of 
rebuttal shift to the applicant. The issue will then be decided on the totality of evidence. 

The well established case law is clearly reflected in the Utility Examination Guidelines 
("Utility Guidelines") 15 , which acknowledge that an invention complies with the utility 
requirement of 35 U.S.C. §101, if it has at least one asserted "specific, substantial, and credible 
utility" or a "well-established utility." Under the Utility Guidelines, a utility is "specific" when 
it is particular to the subject matter claimed. For example, it is generally not enough to state that 
a nucleic acid is useful as a diagnostic without also identifying the conditions that are to be 
diagnosed. 

In explaining the "substantial utility" standard, M.P.E.P. §2107.01 cautions, however, 
that Office personnel must be careful not to interpret the phrase "immediate benefit to the 
public" or similar formulations used in certain court decisions to mean that products or services 
based on the claimed invention must be "currently available" to the public in order to satisfy the 
utility requirement. "Rather, any reasonable use that an applicant has identified for the invention 
that can be viewed as providing a public benefit should be accepted as sufficient, at least with 
regard to defining a 'substantial' utility." 16 Indeed, the Guidelines for Examination of 
Applications for Compliance With the Utility Requirement, 17 gives the following instruction to 
patent examiners: "If the applicant has asserted that the claimed invention is useful for any 
particular practical purpose ... and the assertion would be considered credible by a person of 
ordinary skill in the art, do not impose a rejection based on lack of utility." 

B. The results of the adipocyte glucose/FFA uptake assay provide utility for the 
PRQ1182 polypeptide and the antibodies that bind it 

The Examiner continues to maintain rejections based on the gene amplification assay (see 
pages 2-5 of the Final Office Action). Since Appellants need show at least one credible, 
substantial and specific asserted utility for the PROl 182 polypeptides to meet the requirements 
of 35 U.S.C. §101, as indicated instead of the gene amplification assay, the instantly pending 
claims were amended to rely upon assay 94 or 'the glucose/FFA uptake assay,' (Example 158) 

15 66 Fed. Reg. 1092(2001). 

16 M.P.E.P. §2107.01. 

17 M.P.E.P. §2107 11(B)(1). 
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for patentable utility of PROl 182 polypeptides and antibodies that bind it, in the responses filed 
March 10, 2005 and June 23, 2005. Accordingly, any of the Examiner's rejections /references or 
discussions referring to the gene amplification assay are not currently addressed. Only rejections 
directed to the glucose/FFA uptake utility are discussed below. 

Appellants respectfully submit that they rely on the adipocyte glucose/FFA uptake assay) 
for patentable utility of the PROl 182 polypeptide and the claimed antibodies that bind it, and 
that the adipocyte glucose/FFA uptake assay data for the PROl 182 polypeptide is clearly 
disclosed in the instant specification under Example 158. 

The adipocyte glucose/FFA uptake assay is designed to determine whether a polypeptide 
is capable of modulating, either positively or negatively, the uptake of glucose or free fatty acids 
in adipocyte cells. By making such determinations, the assay identifies polypeptides that are 
expected to be useful for treating disorders wherein stimulation or inhibition of glucose uptake 
by adipocytes is expected to be therapeutically effective. Examples of these types of disorders 
include obesity, diabetes, and hyper- or hypo-insulinemia. 

The adipocyte glucose/FFA assay is performed as follows: primary rat adipocyte cells are 
plated on a 96 well plate and incubated overnight with media supplemented with PROl 182 
polypeptide. After the initial overnight incubation, samples of the media are taken at hour 4 and 
hour 16 and residual glycerol, glucose and FFA are measured. After the hour 16 sample is taken, 
insulin is added to the media and the adipocytes are allowed to incubate for an additional 4 
hours. After this final 4 hour incubation, another sample is taken and residual glycerol, glucose 
and FFA is measured again. As a control, identical incubations and samplings are performed on 
cells that have been incubated overnight in media initially supplemented with insulin rather than 
PROl 182 polypeptide. Results are scored as positive in the assay if the uptake is greater than 
1.5 times (stimulatory) or less than 0.5 times (inhibitory) the uptake of the insulin control. As 
PROl 182 resulted in more than 1.5 times the uptake of the insulin control, PROl 182 tested 
positive as a stimulator of glucose/FFA uptake in adipocyte cells . 

The glucose/FFA uptake assay as described in Example 158 of the instant application 
was also well known in the art at the time of the effective filing date of the instant application. 
Similar assays were commonly used to identify potential anti-diabetic agents and to study the 
regulatory mechanisms of important molecules involved in fat cell metabolism. 
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For example, at the time of the effective filing date of the instant application, it was well 
known in the art that increasing glucose uptake by adipocyte cells is a hallmark of a number of 
therapeutically effective agents, such as troglitazone and pioglitazone. (Tafuri, Endocrinology, 
137(11): 4706-4712 (1996); Sandouk, et al, Endocrinology, 133(l):352-359 (1993) - copies 
enclosed). Both troglitazone and pioglitazone are members of the thiazolidinedione class of 
compounds and have been used to effectively treat noninusulin-dependent diabetes mellitus 
(NIDDM), the most common form of diabetes. Both compounds function, at least in part, by 
increasing the number of cellular glucose transporters in order to facilitate increased glucose 
uptake. 

Further, at the time of the effective filing date of the instant application, vanadium salts 
were considered as a possible treatment for diabetes, and several clinical trials had already been 
performed. (Page 26617, right column, Goldwaser et al, J. Biol Chem., 274(37):2661 7-26624 
(1999) - copy enclosed). Using a rat adipocyte culture system similar to the system disclosed in 
the instant application, Goldwaser et al, showed that vanadium ligand 1-Glu (y)HXM potentiates 
the capacity of free vanadium ions to activate glucose uptake and glucose metabolism in rat 
adipocytes in vitro by 4-5 folds and to lower blood glucose levels in hyperglycemic rats in vivo 
by 5-7 fold. This is further evidence that at the effective filing date of the present application 
one skilled in the art would have reasonably expected that molecules activating glucose uptake 
would find utility in the treatment of diabetes and related diseases. 

In addition, the investigators in Mueller et al, who were interested in determining the 
influence of glucose uptake on leptin secretion, employed essentially the same assay to measure 
changes in glucose uptake after insulin exposure. (Mueller et al, Endocrinology, 139(2): 551- 
558 (1998) - copy enclosed). Figure 1 A shows the glucose concentrations in medium from 0-96 
hours from isolated rat adipocytes in primary culture with various insulin concentrations. As 
indicated by the decrease in glucose in the medium in the Figure, Mueller et al. suggest that 
insulin produced a concentration-dependent increase in glucose uptake by the cultured 
adipocytes. Based on these experimental results, the authors stated that insulin increased leptin 
secretion over 96 hours, and that the increase in leptin was closely related to the amount of 
glucose taken up by the adipocytes than to the insulin concentration, suggesting a role for 
glucose transport and/or metabolism in regulating leptin secretion. (See Abstract). 
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Using the same assay system, Mueller et al. further studied the effect on leptin secretion 
of two well-known anti-diabetic agents, metformin and vanadium, which were known to enhance 
glucose uptake. (Muller et al, Obesity Research, 8(7): 530-539 (2000) - copy enclosed). The 
experimental data indicated that both metformin and vanadium increased glucose uptake and 
inhibit leptin secretion from cultured adipocytes. 

Accordingly, Appellants respectfully submit that at the effective filing date of the instant 
application, one of skill in the art would have reasonably accepted that various compounds, such 
as PRO 1 182, that are capable of modulating glucose uptake have a substantial, practical, real life 
utility. The above-mentioned studies have clearly established that the glucose/FFA uptake assay 
as described in the instant application is a reliable assay system to identify therapeutic agents for 
treating diseases and conditions such as obesity, diabetes, and hyperinsulinemia. Therefore, one 
skilled in the art would know that antibodies to PROl 1 82, especially agonistic antibodies to 
PRO 1182 , would be useful in enhancing glucose uptake by adipocyte cells. Therefore, 
Appellants respectfully submit that a variety of real-life utilities, such as treatments for glucose 
uptake related diseases, including obesity and diabetes, are envisioned for PROl 182 and 
antibodies that bind it based on the glucose/FFA uptake assay results disclosed herein. 

The Examiner has acknowledged that the teachings within "each of the references cited 
by the Applicant (Tafuri et al, Sandouk et al, Goldwaser et al, Mueller et al (1998) and 
Mueller et al. (2000)) teaches that the agents utilized in the assays enhance glucose 

uptake Disorders such as obesity, diabetes, and hyper- or hypo-insulinemia are 

characterized by a reduction in the amount of glucose entering all cells, including 

adipocytes Therefore, as emphasized by Tafuri et al., Sandouk et al, Goldwaser et al, 

Mueller et al. (1998) and Mueller et al (2000), one skilled in the art is searching for agents that 
will enhance glucose uptake into adipocyte cells ." (page 6-7 of Final Office Action of April 4, 
2006). 

As the Examiner acknowledges, based on the instant results demonstrating the ability of 
the PROl 182 polypeptides to enhance glucose uptake in the glucose/ FFA assay, one skilled in 
the art would readily recognize that PROl 182 polypeptides are useful in the treatment of 
disorders benefiting from this biological activity, such as obesity, diabetes, or hyper- or hypo- 
insulinemia. Therefore, one skilled in the art would know that antibodies to PROl 182, 

-11- 

Appeal Brief 
Application Serial No. 09/998,041 
Attorney's Docket No. 39780-2730 P1C34 



especially agonistic antibodies to PRO 1 182 , would be useful in enhancing glucose uptake by 
adipocyte cells. 

The Examiner has further maintained that "Tafuri et al, Sandouk et al, Goldwaser et al, 
Mueller et al. (1998) and Mueller et al. (2000) teach different methodologies for the 
measurement of glucose uptake in adipocyte cells as compared to the gl ucose assay of the instant 
specification . . ..None of the references utilizes the same grading scale disclosed in the instant 
specification, but instead report dose-response curves. The instant specification does not report 
any specific cell numbers or statistical differences and there is no indication in the specification 
as to how PRO 1 182 inhibited glucose uptake as compared to control or whether the results wer e 
significant " (Emphasis added). The Examiner concludes that the PRO 1 182 peptide is not in 
currently available form, and the asserted utility is not substantial (page 8 of the Final Office 
Action). 

Appellants respectfully submit that, compliance with the utility requirement does not 
require that the methodology used in making the invention be the same as those used in the 
referenced or related art. What is important is that the assay be a well- recognized assay and that 
guidelines be provided in the specification to perform the assay, including assay read-out, if 
applicable. As discussed in their response dated August 10, 2006, Appellants submitted that the 
glucose uptake assay is a well-accepted assay in the art for identifying molecules that modulate 
glucose uptake. The fact remains that the results of the adipocyte glucose/FFA uptake assay 
were positive, indicating that PROl 182 polypeptides are useful in enhancing glucose uptake by 
adipocyte cells. Therefore, one skilled in the art would know that antibodies to PROl 182, 
especially agonistic antibodies to PROl 182 , would be useful in enhancing glucose uptake by 
adipocyte cells. The instant specification also clearly discusses the controls used in the assay. 
For example, the results of the glucose uptake assay were scored as positive if the uptake was 
greater than 1.5 times (stimulatory), or as inhibitory, if the uptake was less than 0.5 times the 
uptake of the insulin control . Since PROl 182 resulted in more than 1 .5 times the uptake of the 
insulin control, PROl 182 tested positive as a stimulator (or enhancer) of glucose/FFA uptake in 
adipocyte cells. 

The Examiner's requirement for "specific cell numbers or statistical differences" (page 9, 
line 1 of Final Office Action) are also clearly not a requirement of the utility standards set by the 
USPTO. Appellants submit that the glucose uptake assay described herein is a comparative 
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assay, meaning that the utility is based upon a comparison of relative uptake levels between a 
well-accepted and known control like insulin (for glucose uptake) and a test molecule like 
PROl 182. Useful pharmacological information is obtained when a relative difference is 
observed in this assay. In addition, the need for "cell numbers or statistical results" is a 
misplaced requirement, and is a clear indication that the Examiner applies a standard that might 
be appropriate if the issue at hand were the regulatory approval of a pharmacological or 
diagnostic assay, but is fully inappropriate for determining if the "utility" standard of the Patent 
Statute is met. The FDA, reviewing an application for a new assay, will indeed ask for actual 
numerical data, statistical analysis, and other specific information before any assay is approved. 
However, the Patent and Trademark Office is not the FDA, and the standards of patentability are 
not the same as the standards of market approval. It is well established law that therapeutic 
utility sufficient under the patent laws is not to be confused with the requirements of the FDA 
with regard to safety and efficacy of drugs to marketed in the United States. 

C. A prima facie case of lack of utility has not been established 

The Examiner has asserted that "assays demonstrating that glucose uptake is inhibited by 
the PRO polypeptide are not enabling, since there is no real world use for such a peptide, or the 
assay that measures it. Since there is little additional information about the claimed PRO 
peptide, use of the claimed peptide for the FFA assay cannot be seen as enabling without 
evidence or data supporting a specific function for the PRO polypeptide, DNA or antibody" 
(Page 2 of the Advisory Action mailed November 1, 2006). 

Appellants respectfully point out that the standard for utility is not absolute certainty, but 
more likely than not. Appellants further point out that it was well known in the art at the time of 
filing that both glucose and FFA levels were associated with diabetes, obesity, and 
hyperinsulinemia. In fact, it was further known in the art at the time of filing that, antidiabetic 
agents such as the thiazolidinediones (including troglitazone and pioglitazone) which increase 
glucose uptake, also increase FFA uptake by adipocytes (see references (Tafuri, Endocrinology, 
137(11): 4706-4712 (1996); Sandouk, etal, Endocrinology, 133(l):352-359 (1993) submitted 
by Appellants). Thus, circulating FFA level was one of the factors which regulated glucose 
uptake. Hence, it was clear that agents which decreased circulating FFA levels were effective in 
the treatment of diseases such as obesity and diabetes. In other words, agents which increased 
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FFA uptake by adipocytes were useful in the treatment of diabetes, obesity and 
hyperinsulinemia . 

Thus, even if the actual mechanistic effect of PRO 1 182 is only to directly increase FFA 
uptake by adipocyte cells, this will necessarily result in indirectly increasing glucose uptake by 
adipocytes. The effect of FFA levels on glucose uptake has been clearly demonstrated in the 
references in the art at the time of filing of the application. Furthermore, agents which are well 
known in the art as useful in the treatment of diabetes, such as the thiazolidenediones, have been 
shown to exert their effects, at least in part, through the increase of FFA uptake by adipocytes. 
Accordingly, an agent which increases FFA uptake by adipocytes has the same utility in the 
treatment of disease as those recognized by the Examiner for agents which increase glucose 
uptake. 

Accordingly, one of ordinary skill in the art would find it more likely than not that an 
agent which increases uptake of glucose and/or FFA by adipocytes would also be useful in the 
treatment of disorders such as diabetes, hyperglycemia, and obesity. Clear evidence supports the 
glucose/FFA uptake enhancing activity of PRO 1 182. On the other hand, the Examiner has 
provided no evidence to demonstrate that it more likely than not that one of skill in the art would 
doubt the truth of this asserted utility of PRO 1 182 as an enhancer of glucose/FFA uptake. Since 
the standard is not absolute certainty, a prima facie showing of lack of utility has not been made 
in this instance and the burden to provide further evidence of utility has not shifted to Appellants. 

Based on the above arguments, Appellants have clearly demonstrated a credible, specific 
and substantial asserted utility for the PROl 182 polypeptide, for example in the treatment of 
disorders such as obesity, diabetes, and hyper- or hypo-insulinemia. Further, based on this utility 
and the disclosure in the specification, one skilled in the art at the time the application was filed 
would know how to use the PROl 182 polypeptides, for instance, in the treatment of disorders for 
which modulation of glucose uptake by adipocytes would be beneficial, such as obesity, 
diabetes, and hyper- or hypo-insulinemia without undue experimentation. 

Accordingly, given that the specification discloses at least one patentable utility for the 
claimed anti-PROl 182 antibodies, Appellants respectfully request reconsideration and reversal 
of the rejection of Claims 119-123 under 35 U.S.C. §101 and 35 U.S.C. §112, first paragraph. 
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CONCLUSION 



For the reasons given above, Appellants submit that the adipocyte glucose/FFA uptake 
assay disclosed in Example 158 of the specification provides at least one asserted specific and 
substantial patentable utility for the PRO 1 182 polypeptides and the claimed antibodies that bind 
it, and that one of ordinary skill in the art would accept this asserted utility as credible and would 
understand how to make and use the claimed antibodies. Therefore, Claims 1 19-123 meet the 
requirements of 35 U.S.C. §101 and 35 U.S.C. §112, first paragraph. Accordingly, reversal of all 
the rejections of 1 19-123 is respectfully requested. 

Please charge any additional fees, including fees for additional extension of time, or 
credit overpayment to Deposit Account No. 08-1641 (referencing Attorney's Docket 
No. 39780-2730 P1C34) . 



HELLER EHRMAN LLP 

275 Middlefield Road 
Menlo Park, California 94025-3506 
Telephone: (650) 324-7000 
Facsimile: (650) 324-0638 



Respectfully submitted, 



Date: May 2, 2007 




Ginger R. Dreger (Reg. No. 33,055) 
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8. 



CLAIMS APPENDIX 



Claims on Appeal 

119. An antibody that specifically binds to the polypeptide of SEQ ID NO: 357. 

120. The antibody of Claim 1 1 9 which is a monoclonal antibody. 

121. The antibody of Claim 1 1 9 which is a humanized antibody. 

122. The antibody of Claim 119 which is an antibody fragment. 

123. The antibody of Claim 119 which is labeled. 
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9. EVIDENCE APPENDIX 

1 . Tafuri, S.R., "Troglitazone Enhances Differentiation, Basal Glucose Uptake, and Glut 1 
Protein Levels in 3T3-L1 Adipocytes," Endocrinology, 137(1 1):4706-4712 (1996). 

2. Sandouk, T., et al., "The Antidiabetic Agent Pioglitazone Increases Expression of 
Glucose Transporters in 3T3-F442A Cells by Increasing Messenger Ribonucleic Acid Transcript 
Stability", Endocrinology 133(l):352-359 (1993). 

3. Goldwaser, I., et al., "L-Glutamic Acid 7-Monohydroxamate: A potentiator of vanadium- 
evoked glucose metabolism in vitro and in vivo", J. Biol. Chem. 274(37):2661 7-26624 (1999). 

4. Mueller, W. M., et al., "Evidence That Glucose Metabolism Regulates Leptin Secretion 
from Cultured Rat Adipocytes", Endocrinology 139(2):551-558 (1998). 

5. Mueller, W. M., et al., "Effects of Metformin and Vanadium on Leptin Secretion from 
Cultured Rat Adipocytes", Obesity Research 8(7):530-539 (2000). 

Items 1-5 were submitted with Appellants' Response filed , and made of record by the Examiner in 
the Office Action mailed September 20, 2005. 



-17- 



Appeal Brief 
Application Serial No. 09/998,041 
Attorney's Docket No. 39780-2730 P1C34 



10. RELATED PROCEEDINGS APPENDIX 

None - no decision rendered by a Court or the Board in any related proceedings identified 

above. 
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wlitazone Enhances Differentiation, Basal Glucose 
Jptake, and Glutl Protein Levels in 3T3-L1 Adipocytes 

HERRIE R. TAFURI 

epartment of Cell Biology, Parke-Davis Pharmaceutical Research Division, Warner-Lambert Co., 
nn Arbor, Michigan 48105 



BSTHACT _ embe r of the thiazolidinedione class of com- 

Trogbt^ne « a mcm^r «^ ^tawha, administered to 

u ^ff ^m^r^Z^ker rats, the antidiabetic activity is associ- 
^^^^g=^ uptake in f^^-^de^d 
u Z^^etetoffilitasione has on adipocyte metabolism, 3T3-L1 
te ^ZTZiS^s were treated with the compound. The 
irea dipocyte8 ^d adipo^ percent differentiation 

Edition of^tazone^anceo^ ^ndfcatod that during 
,f fibroblasts to a ^^lf ^i^^pecinc transcription fac- 



troglitazone-treated cellB, but did not change in fully differentiated 
adipocytes. To assess the metabolic consequences of troglitazone 
treatment, both basal and insulin-stimulated glucose uptake were 
monitored' in treated cells, Troglitazone treatment increased basal 
glucose transport 1.5- to 2.0-fold, whereas insulin-stimulated uptake 
was unaffected. Enhanced basal transport was caused by an increased 
synthesis of both Glutl glucose transporter messenger RNA and pro- 
tein. These results suggest the possibility that in vivo, the troglita- 
zone-dependent increase in glucose disposal may be attributable in 
part to modifications in the expression of Glutl in insulin-responsive 
tissues. (Endocrinology 137j 4706-4712, 1986) 



NONINSUUN-DEPENDENT diabetes meffitus (NIDDM), 
the most common form of diabetes, is estimated to 

dSSnmTnly develo*p7during middle age and is char- 
aSST^yperglycemia; hyperinsulinemia, and msubn 
aa 7~!l i t Resent treatment consists of behavioral mod- 
^Sr?"ntS^aon with the administration of insula 
SoraTrloglycernic agents (sulfonylureas and biguamde 
Sm^lS However, these treatments often fail toarne- 
S3te one of the main underlying causes of the disease 
Sfn distance The thiazoUdinediones, a new class of 
j£S£T3£ markedly from other antidiabetic agents 
£25 they decrease hyperglycemia and hyperkalemia 
by b«tag insulin sensitivity in target tissues These com- 
SXmcrfase peripheral glucose uptake while decreasing 
Suunsecretion^id gluconeogenesis in a wide vanety of 
Sanimal models (2-4). Troglitazone, a member of this 
impound class, improves glucose tolerance and 
sitivSy in both diabetic (5, 6) and glucose-intolerant (7) pa- 
tiente ^Little is known about the biochemical mechanism of 
action of these compounds. 

Appose tissue is highly responsive to insuhn. to primary 
mle k to store energy when nutrients are plentiful and to 
SiSie gy^dS fasting and starvation. Adipose tissue 
So rfaTs a^ivotal role in metabolic homeostasis Adipose 
oS,e is responsible for 50-70% of lactate production m die 
S and consequently contributes to the regulation of gly- 
^nTynthesis^d gluconeogenesis (8). Moreover, the re- 
St diSvery of the ob gene product indicates that adipose 



JS^SSS^SS^^ Arbor, Michigan 46105. 
E-mail: Tafuris@aa.wLcorn. 



tissue secretes hormones capable of regulating feeding pat- 
terns, satiety, and adiposity (9). Because of the importance of 
adipose tissue in metabolic regulation and insulin resistance, 
it may play an important role in the mechanism of action of 
thiazoUdinediones. 

To understand if and how the thiazolidinediones affect 
adipose cell metabolism, a study was designed to determine 
how troglitazone affects glucose utilization in 3T3-L1 adi- 
pocytes. This system was chosen because it is easily manip- 
ulated and is not complicated by the problems associated 
with the metabolic feedback loops present in vivo. Addition- 
ally, previous experiments with pioglitazone, another mem- 
ber of the thiazolidinedione family, in 3T3-F442A adipose 
cells suggested that these compounds increase differentia- 
tion (10, 11) and glucose uptake (12) in adipocytes. In the 
studies discussed here, troglitazone increased differentiation 
in 3T3-L1 cells when administered at the initiation of the 
differentiation protocol. Furthermore, troglitazone enhanced 
glucose uptake in these cells by altering the total number of 
basal glucose transporters within the cell. 

Materials and Methods 

Materials 

3T3-L1 cells were obtained from the American Type Tissue Culture 
Collection (Rockville, MD). High glucose DMEM culture medium and 
bovine serum were purchased from Life Technologies (Gaithersburg, 
MD) Insulin, dexamethasone, and isomethylbutyUanthine were pur- 
chased from Sigma Chemical Co. (St Louis, MO). Troglitazone and 
pioglitazone were synthesized by Parke-Davis (Ann Arbor, MI) and 
Sankyo (Tokyo, Japan), respectively. 

Cell culture 

3T3-L1 fibroblasts were grown and passaged in DMEM containing 
10% FBS. For adipocyte differentiation, 2 day postconfluent cells were 
placed in 10% FBS-DMEM, 1 fig/ ml insulin, 0.25 pM dexamethasone, 
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i n t mil isomethylbutylxanuiine. Forty-eight hours later, the me- 
T^^dtolO% FBS-DMEM containing 1 fig/ml ^oliaand 
m a^hT^X*^"™ was replaced with 10% FBS-DMEM. 
janaddmonal^^Bwmeo. r Troglitazone was 

^ ^HwSX'deasalOOO-fold .tide solution and «d- 
^ m j5T23SS5 "ofW^tion and with every medium 
inge unless otherwise indicated. 

ucose uptake 

, , ^t-o ii7a« measured using a modified version of the 

69881 glU ^ ^u« SSed by de Herreros and Bimbaum 
n^Xu/^wTsh^with PBS and placed in glucose-free 
I). Briefly, cells were 37 C At this time, 1 (iQ/tnl 

^EM cont a ,rungl% BSA for 30 nun a and the ceils were 

H'f^^S C^ub^endy, the cells were washed with 
S^M^SES * " J?J«d with 05 K NaOH. Thelites 

> ruin before the addition of labeled glucose. 

HA preparation, Norttem blot analysis, and ribonuclease 

INase) protection assays 

.j. lvsis method (Ultraspec RNA isolation system, 
- ^ w« u^dto prepare RNA samples. For Northern 

"'^Jtwrf Jnd b-antferred to nitrocellulose. The blots were hy- 
,rrnaldehyde gel and J"™*^ 1Q% dettran for i 6 _20 h at 

$CW.£. JtoSSSSiM X SSC (standard -*-« <*^» 
™^CTteu?dicated complementary DMAs were labeled with 
iC ^ 1 t J 50 Wiethe random prime method and used as probes. 

«- 3ip ] d «"2ST Ss we^performed using the RNase A nuclease 
<N« E!!f "SSsSIW Houston, TX). 

r^^s^^^-xSwi^uSa 

Western blot analysis 

in HNTG buffer (50 mss HEFES, 150 bin 
^iTSSS^^S^^ hLeDTA). Tne Bio-Rad 
S vS'(B^d ^boratories, Richmond, CA) was used 
protein analysis ^^J^Zt Western blots were performed using stan- 
* i Ct ^rS5S^ were detected using the chemi- 
Sn^^^AWum, Ariington Heights, lU TheGlutl 
lununescent < ^£^V J ^ a glutathione S-transferase fusion protem 
^JLZr^^dSdTof theGtutl glucose transporter. The 
encoding the '^^""X^ purified and shown not to cross-react 
^MSSi^ protein. The a«t4-specific an- 
HSfiStSS b^Michael Muedde, 

Results 

Troglitazone enhances adipocyte differentiation in 3T3-L1 
cells 

The differentiation of 3T3-L1 preadipocytes into adipo- 
JSV. complex process that is affected * F"»g 
■ yZ T and a variety of environmental conditions. Under 
Seditions, 95-100% of confluent preadipocytescanbe 
con^ted into fat droplet-containing adipocytes in 5-7 day* 
S fatdropiets first appearing on day 4. However, as the 
are passaged, the efficiency of differentiation 
Kn^Sa^oSrSr^er, such that a confluent plate 
wSTcc-tSn^ds of adipocytes within undiffer^tiated 
Z>5ak This loss of phenotype is also associated with a 
dSeatTin the rate of differentiation, causrng the miha 
frSa^ce of fat droplets to occur around day 5 or 6. Initial 
Sp^^ wiecZducted using cells with an adipocyte 



conversion frequency of approximately 50%. To study the 
effects of troglitazone on differentiation, 0.5-5 ftM compound 
was added with 167 nM insulin, 0.25 u** dexamerhasone, and 
03 mM isomethylbury bean thine (hormone cocktail) at the 
initiation of differentiation and reapplied with each medium 
change Eight-day troglitazone treatment without hormone 
cocktail showed minimal differentiation (Fig. 1, A and B). 
Less than 1% of the cells became adipocytes; however, the 
number of adipocytes in the drug-treated sample was greater 
than that in the untreated sample. In the presence of hormone 
cocktail, troglitazone significantly enhanced the percentage 
of adipocyte differentiation (Fig. 1, C and D). Nearly 100% *>f 
treated cells contained fat droplets compared to 50% of the 
untreated group. Additionally, the rate of differentiation was 
enhanced as fat droplets began to accumulate in the treated 
group 1 day before the control group. 

Adipocyte differentiationhas been shown to be dependent 
upon the activation of several transcription factors, which, in 
turn, initiate the expression of a repertoire of adipocyte 
genes. One such factor, CCAAT enhancer binding proieih-a 
(C / EBFa), has been shown to be necessary and sufficient for 
adipocyte conversion in both preadipocy te and fibroblast ceil 
lines (14-17). Moreover, mice lacking C/EBPot expression 
fail to accumulate both white and brown fat, suggesting that 
C/EBPa is required for terminal adipoctye differentiation 
(18). C/EBPa mRNA is not expressed in preacUpocytes, is 
induced 2-3 days after the initiation of differentiation, and is 
maintained at a high level in the adipocyte (19). As trogli- 
tazone increases adipocyte differentiation, total RNA was 
isolated from differentiating cells treated with hormone 
cocktail containing 0 or 5 u** troglitazone and probed with 
labeled C/ EBFa complementary DNA to detemune whether 
troglitazone enhances C/EBPa expression. The control cells 
vised in this experiment differentiated 95-100% without the 




RC. 1. Troglitazone enhances the diiTerentiation of 3T3-L1 preadi- 
pocytes to adipocytes. Confluent preadipocytes were maintained in 
culture for 8 days without compound (A) or with 5 m trojditaaonefB), 
as described in Materials and Methods. Identical cells were treated 
with differentiation cocktail (167 nM insulin, 0.25 pM dexamethasone, 
and 0.5 mM isomethylbutylxanthine) with (D) or without (C) 5 fi« 
troglitazone. 



Downloaded from endo.endojoumals.org on December 21 , 



• € 

TROGLITAZONE INCREASES GLUT1 LEVELS IN ADIPOCYTES 



Endo • 1906 
Vol 137 • No 11 



,. • t A ms - therefore, the ratio of adipocytes /preadi- 
Uhon of drug, * n ^*V d Seated samples was iden- 
^ S \^^fS Z Witazone increased the rate of 
1 as shown m Rg.2, «?g differentiation, but 

"g^SSSrSB^ message after difto 
1 not affect *e£v«s ^ 2 .5 

Son was corn pie te.« A ^ control ^ 

168 wSe an day 6 were nearly identical* both 
mversely, the weison a y d that the onset 

siples. Multiple ^P^^Se passage number of the 

Us; however, ut all cases ™S ^ ^i^zone influ- 
'EBPa »P I f^^^^/BBP«mTOIA production 
SS^t^uttmodulate A. total amount of 
/EBPa mRMA expressed. 
nglitazor* increase* basal glucose uptake to 
iffermtiated c&pocytes 

■ * ,„WKer troelitazone has a direct effect on 
T ° d tSiTm ^eTdipocy^ the 3T3-L1 tissue cul- 
^^rw^u^to^mimniW nmcHorv in aeon- 
ure system was ^f 1 experiments were performed us- 
TOU |^lX l w^^w^a35%conversionfr r uency 
ng3T3-Ll ^'J^T Cells were differentiated under stan- 
^fwUh or without troglitazone for 8 days, as 
!** ^Tu^saJMethods. On day 9, basal glucose 
iescnbed in «« monit ormg the accumulation of 

uptake was assessea oy ^ M shown ^ Fig . 3 , 

rQdeoxyglucose^*^ ^erfSd basal glucose uptake 
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n^t* the rate of C/EBPa message accumula- 

tion i^SSSSl RNAcoUected every 24h during 
adipocyte. N^^ f^ 1 ^ and without 5 p.M troglitazone using a 
adipocyte ^ ffe ^ 8 ^ n m ^ oCTPo probe. ENA loading was eval- 
^-labded, random P"™™'^^ Multiple experiments demon- 
wted by qu^titetion ion varied with the paasap 

rate of C/EBPa expression. 
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Control 0.5uM Troglitazone 

pic 3. Troglitazone treatment in combination with iMulmincreases 
WaJ kucose uptake in adipocytes. Adipocytes were differentiated 
S im ™ insulin combination with 0.25 dexamethasone and 
oT^Sb^tylranthine '^^f^S^SSES 
cose uptake was monitored, as described in Materud* and Method*^ 
Zvatewere obtained from duplicate eamplea. When assayed, the 
c^t^^Texhibited 10% differentiation, whereas the trogutaxone- 
treated cella showed 80% differentiation. 

treated without the addition of the hormone cocktail (data 
not shown). This suggests that troglitazone increases the 
activity or number of functional glucose transporters per cell, 

^NoJjrisulin-dependent (basal) glucose uptake is a result of 
transport through the membrane-associated Glutl glucose 
transporter, whereas insulin-stimulated glucose uptake re- 
sults from the combined activities of Glutl and the hormone- 
sensitive glucose transporter, GUrt4, which are associated 
with both the plasma membrane and microsomal compart- 
ments. Comparison studies have shown that the levels of 
these two glucose transporter proteins differ between prea- 
S^yL and adipocytes (13, ^ <**f& £ T °f H ^ 
lular levels of Glutl decline slightly with differentiation. 
Conversely, the amount of Ghit4 transporter in the adipocyte 
increases from undetectable in the preadipocyte to a value 
2-fold greater than that of Glutl. Comparison of the adipo- 
cyte morphology between the cultures in the glucose ^uptake 
experiment in the previous experiment indicated that the 
troSitazone-treated samples had a higher adipocyte/ prea- 
dipocyte ratio than the control samples (data not shown). 
Therefore, because the number and type of glucose trans- 
porters change during adipocyte differentiation, the adipo- 
cyte /preadipocyte ratio must be equivalent between sarn- 
ies to accurately determine how troglitazone affects glucose 
transport. To do this, we repeated the previous experiment 
using 3T3-L1 cells that differentiated more than 95% under 
standard differentiation conditions v^thout troglita^ne and 
whose morphology and final C/EBP« mRNAIevels (Fig. 2) 
werenotstar^canttyerihai^ 

addition, we compared the basal glucose uptake to msulm- 
stimulated glucose uptake, which distinguishes between 
Glutl and Glut4 transporter activities. As shown in Fig. 4, 
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^ ^ Tmriitawne increase* basal glucose uptake in adipocytes. 
1g. .4. WgUtaiom s m gtandard conditions in the pres- 

ulipocytes were **7^ a S£one. The percentage of adipocyte 
, n « ° r S^nS iSleal^as^ore than 95*. ["ODeoxyglucoae 
^fferentiaUon in^anipies differentiBtion . Por i n8 ulin-stim- 

^ens Selncubated for 30 min in 1 x 10- m 
SSn'Se? a' K P^^on in sennu-free DMEM. All values 
obtained from duplicate samples. 

wsal glucose uptake increased 1.7-fold in response to 0.5 u-M 
Sifazo^Sirnilar results (1.4-fold) were found for Glut4- 
KSrTinsulin-stirnulated glucose uptake. As basal glu- 
Uptake is a function of Glutl transporters, and .nsulin- 
Sated uptake results from the combination of Glutl and 
ST transporter activities, the fact that troglitazone en- 
hlnces both basal and insulin-stimulated glucose uptake 
^H£^ suggests that the compound only alters Glutl 

^rSSf^S*- the effects of troglitazone on glucose 
uptakerrom Shose on adipocyte differentiation, ad.pocytes 
aSfeSmSted in the absence of troglitazone were treated 
tSoSa 5 jam troglitazone for 48 h before the glucose 
iTshown in Fig. 5, 0.5 and 5 troglitazone 
^atment produced 2- and 2.7-fold increases m basal glucose 
^^ort activity. As there was no change in morphology in 
SEff JSK»tn«t these data show that troglitazone 
can e^etesal glucose uptake activity without affechng 

a ™22E whether the enhancement of glucose trans- 
. PT activitv « due to an increase in transporter number or 
^IncSseln transporter functioa Western analysis was 
ffLff^whokall lysates {from cells differentiated in 
C?^c?^3t^) using either Glutl- 
ct Sspecific antibodies (Fig. 6). Agair, the adipocyte/ 
D read"pocyte ratio required to eliminate the effects of dif- 

nnrreated samples. As previously descnbed (13, 20, 21), 
oSt?. levels decreased slightly with adipocyte 
SerentiatiS, whereas Glut4 levels increased dramatical*. 

out altering Glut4 levels. Thus, troghtazone enhances glu- 
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Fig 5 Troglitazone enhances basal glucose uptake in fully differ- 
entiated adipocytes. Fully differentiated adipocytes were treated with 
0, 0.5, or 5 jiM troglitazone. Basal glucose uptake was assessed 48 h 
after treatment All values were obtained from duplicate samples. The 
percentage of adipocyte differentiation in all samples was more than 
95%. 

cose uptake by increasing the number of basal glucose trans- 
porters per cell. Additionally, a Glutl RNase protection assay 
was performed on RNA isolated from cells differentiated in 
the presence or absence of 5 u-M troglitazone (Fig. 7). The 
Glutl /actin ratio was approximately 1.5-2 fold higher in the 
RNA samples isolated from troglitazone- treated cells. This 
directly correlates with the 2-fold increase in glucose trans- 
port and shows that troglitazone increases the number of 
Glutl transporters in adipocytes. 

As differentiation also affects Glutl mRNA stability, and 
a previous report (12) indicated that thiazolidinediones in- 
creased mRNA stability, a Glutl RNase protection assay was 
performed on RNAs isolated from adipocytes treated with 5 
jig /ml actinomycin D. Figure 8 shows that when the control 
cells and troglitazone cells displayed the same adipocyte/ 
preadipocyte ratio, the rate of Glutl mRNA decay was the 
same for both treated and untreated cells. Identical results 
were obtained from cells treated with pioglitazone, another 
antidiabetic thiazolidinedione (data not shown). Albeit in- 
directly, these data also suggest that the increase in Glutl 
mRNA is due to an increase in Glutl transcription. 

Discussion 

Troglitazone treatment of 3T3-L1 cells increases both the 
rate and percentage of adipocyte differentiation. This phe- 
nomenon is linked to the increased rate of C/EBPa accu- 
mulation in differentiating cells- Because this accumulation 
of C/EBPo message occurs within 24 h of drug treatment, it 
implies that troglitazone interacts with proteins th-it are 
present in the preadipocyte or are rapidly induced by the 
differentiating hormone cocktail. Recent work on adipocyte 
differentiation suggests that the proteins involved are mem- 
bers of the peroxisome prol iterator-activated receptor 
(PFAR) family (22, 23). These nuclear receptors are activated 
by endogenous fatty add or PG ligands (24-26) and in com- 
bination with C/EBP family members are believed to induce 
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6 qwiitawme increases the synthesis of the Glutl transporter 
* i^^cvtes. Western analysis was performed using a Glutl- 
^SSSSSffShSnrf protein samples collected from adipo- 
^ ^^^l^rwiSiout 5 m« trogUtawne. The percentage of 
:5 ?!!^f^^atonto^l samples was more than 95%. Thirty 
MhpocyU ' ere loaded per lane, aa determined using 

LMt^ ^ represent data acquired from two 
independent experiments. 

_,;^™tP differentiation (27-29). Lehmann and colleagues 
SKJSSS another thia^lidmedione, BRL 49653, 
KSSdSSpAR* the acUpocyte-spedfic PPAK fan^y 
member. This suggests that by interacting with the PPARs, 
^X^mitiafes the cascade of transcriptional events 
that enhances the rate of adipogenesis. 

To determine whether the increased glucose uptake in 
adipocytes in vivo is a direct effect of trogUtazone or a con- 
SSSeof secondary effects brought about by insulin sen- 
sSzatiorv the effects of troglitazone were assessed m the 
sra«mu * culture system. Apart from die en- 

r^jSie u^ke associated with adipocyte differen- 
t^rS^nVdirectly increased glucose uptake 2- old 
fn AeseX- This effect was shown to be a direct result of 
an increased synthesis of Qutl transporter mRNA and pro- 
^tS degrees with previously reported results (12), 
wSchhave skfwnthatpiogUtazone, another thiazohdinedi- 
one with antidiabetic activity, enhances glucose uptake in 
Z&AOA adipocytes by increasing both Glutl and Ghu4 
SSporter mRNA and protein via mRNA stabilization. 
SoSr this study failed to distinguish between the in- 
■' elucose uptake associated with the enhancement 
SXSSe^fcJtoaon and those resulting from the 
Sretf Sects of the thiazolidinedione on the adipocyte. By 
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Fig. 7. The levels of Glutl mRNA were increased in response to 5 mm 
troglitazone. A KNase protection assay was performed onRNAa col- 
lected at the indicated times from cells treated with or without 5 (*» 
troglitazone. Ten micrograms of RN A per sample were hybridized to 
mouse Glutl and 0-actin probes and processed as described in 
Materials and Methods. Message levels were quantitated using a 
Molecular Dynamics PhOTphorlmager, and the values are repre- 
sented as the Glutl/acun ratio. 

controlling for the ratio of adijx>cytes/preadipocytes in the 
experiments presented here, the indirect effects of differen- 
tiation by the compound on Glut* were eliminated, demon- 
strating that troglitazone enhances glucose uptake by in- 
creasing Glutl mRNA and protein levels. Additionally, 
identical experiments with pioglitazone yielded similar re- 
sults (data not shown). 

These results provoke at least two questions. First, can a 
2-fold increase in adipocyte glucose uptake account for the 
decreased hyperglycemia in vivo or must other tissues also be 
affected? Secondly, are the transcriptional responses in- 
volved in differentiation the same as those used in the ex- 
pression of Qutl; do both require the activation of PPARs by 
the thiazolidinediones? 

Glucose transporter number has been shown to directly 
affect glucose transport and blood glucose levels in animal 
models. Several transgenic mice have been engineered that 
overexpress the glucose transporters in a tissue-specific fash- 
ion (30-34). In general, overexpression of either Glutl or 
Glut4 enhanced glucose transport in the targeted tissue. En- 
hanced transport directly correlated with decreased plasma 
glucose levels in both fasted and fed animals, demonstrating 
that enhanced transporter expression has profound effects on 
glucose disposal in vivo. Surprisingly, however, increased 
Glutl expression in skeletal muscle, and hence increased 
muscle basal transport, resulted in resistance of Glut4 to 
insulin stimulation and various other stimuli, including con- 
traction and hypoxia (32). Additionally, Ghrt 4 overproduc- 
tion in fat cells did not protect animals from the impaired 
glucose tolerance induced by a high fat diet (34). Thus, al- 
though enhanced transporter synthesis can ameliorate hy- 
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* G 8 Troditaz«ne does not alter the stabffityof Glutl^ mKW- 
nation assay of Glutl message was performed on RNA 
SNase protccaou ug/ml) treatment of adipocytes dif- 

^.f'^S or ateS* of S uM trogUta^e. Ten mi- 
^^f^l we^Xa pWsarnple, ^message levels were 

. „ : t does ncrt appear to directly influence insulin 
jfflTtttSSjy *- enhanid Glutl synthesis 
raX>cytes would only represent a portion of troglita- 
iSSStaifc activity. Tlus is suppor^ by data indi- 
SSg St troglitazone infuen^e^abobc actmttes of 

the^SSSfones has yet to be fully explored Qearly, 
£ SSlntunately Evolved in lipid metabolism m a 
iLVnf tissues including adipose and liver, and are re- 
n ^1 fft?S3rid3owatag effecte of the fibric acids (39). 

Ski-towerLTg effects associated with thia- 
^ r SS^Snt are similar to those of other PPAR- 

compounds (40). Moreover, as el- 
ected Sd levels have been linked to peripheral msuhn 
SncTme alteration of lipid metaboUsm may ameborate 
^K^Sistance (41). However, in vitro, thiazolidinediones 
C^SfSly £ me FPAR7 isoform, which is mainly 
^eSSpL tissue (22, 23). HuazoHdinediones have 
gSTshown to hSuence metabolism in liver, pancreas, and 
SSmuscle. If all of these antidiabetic responses are to be 
Sited to PPAR activation, all insulin-responsive tissues 
n^t cental sufficient levels of this isofonn. Alternatively, 
™TvSble that the ligand binding specificity m vwo differs 
f£££ f» vitro, and /or that the compounds stimulate the 
formation of ligands that activate the PPAR isoforms present 
SSTther Issues. Future studies addressing these issues 
^SfdoST^al *e role of the PPAR* in the antidi- 
^tiTactivity of ihe miazolidinediones. However, it is clear 



that the regulation of Glutl transporter synthesis could con- 
tribute to the antidiabetic activity of troglitazone. 
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Expression of Glucose Transporters in 3T3-F442A Cells 
jy Increasing Messenger Ribonucleic Acid Transcript 
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\SL adipocyte normally play an important role as ; a major site 
for e JrShoipeosUBis. adipocytes function " parked* 

i^dLwrfer. suchas diabetes. In this study, we mvestigated the effect 
SriSKST. novel antidiabetic agent known to lower plasma 
\ 1 model* of diabetes mellitus, on expression of glucose 

SSSTSSmS- GLUT4 in 3T3-F442A cell, Treatment of 
fl™lTrr3.F442A Dreadipocyte cultures for 7 days with pioglitazone 
rSSdSSS U Jg/mTrSedin nearly 100% differenUation of 
^"filSSSlSU adipocytes, and such adipocytes sh^ed a 
™«kedlv increased capacity for glucose uptake. Analysis of messenger 
^SnS^Tncoding GLUT1 and GLUT4 glucose transporters 
o^r SeTday differentiation period indicated time-dependent m- 



ADIPOSE tissues play a key role in systemic energy 
homeostasis. Adipocytes possess hormonally regulated 
transport and metabolic systems allowing energy storage as 
rrielvcerides when nutrients abound or energy release dunng 
nutritional dearth. In accord with this role a recent _report 
indicated that adipose may be responsible for up to 30% of 
whole body glucose metabolism (1). Altered adipocyte func- 
tion has been associated with abnormal physiological states 
including obesities and obesity-linked diabetes (2-4). In non- 
ntuh^dependent diabetes mellitus, elevated blood glucose 
levels result from insufficient glucose uptake in adipose and 
muscle, a consequence of insulin , resistance (5 6). 

The hyperglycemia of noninsulin-dependent diabetes mel- 
litus can be corrected clinically by treatment of patients with 
oral hypoglycemic agents. Whereas presently used sulfonyl- 
urea agents appear to act principally as secretogogues to 
increase the availability of insulin to enhance glucose dis- 
nosal 17 8), an alternate treatment strategy could employ 
Lents acting as insulin sensitizers, thus overcoming target 
tissue insulin resistance. New antidiabetic compounds be- 
loneinR to the thiazolidinedione class of drugs appear to 
ow« blood glucose in animal models of diabetes by improv- 
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creases in abundance of each type that were maximal at more than 5- 
fold with the combined presence of insulin and pioglitazone. In accord, 
GLUT1 and GLUT4 protein levels also increased to maximal levels of 
10-fold and 7-fold, respectively, over those in undifferentiated preadi- 
pocytes. Increased messenger RNA half-lives from 2.2 to greater than 
24 h for GLUT1 and from 1.2 to greater than 24 h for GLUT4 correlated 
with this induced adipocyte differentiation. Taken together, these 
findings indicated that pioglitazone markedly enhanced expression of 
cellular glucose transporters, and the mechanism for this action was 
mainly stabilization of transporter messenger RNA transcripts. Such 
increased expression of glucose transporters in adipocytes establishes 
the cells in a state active for glucose uptake, thus ultimately facilitating 
storage and metabolism as well. {Endocrinology 133: 352-359, 1993) 



ing insulin sensitivity in peripheral tissues (9). Treatment of 
insulin-resistant fatty rats or mice with the thiazolidinedione 
pioglitazone resulted in lowered blood glucose, triglyceride, 
and insulin levels (10, 11). 

We and others have previously reported that thiazolidi- 
nedione agents enhanced insulin sensitivity for glucose up- 
take and metabolism in adipose tissues of diabetic animals 
(10-13). It has also been found that such agents have potent 
adipogenic effects on preadipocyte cell cultures (14-16). We 
therefore sought to more fully investigate the mechanism 
underlying the effect of pioglitazone to promote adipocyte 
differentiation with the aim of gaining insight into how such 
an effect could contribute to regulation of cellular glucose 
uptake. Findings in our present report indicate that pioglita- 
zone treatment of 3T3-F442A preadipocytes markedly en- 
hances expression of glucose transporters GLUT1 and 
GLUT4, and the mechanism for this action is a stabilization 
of transporter messenger RNA (mRNA) transcripts. 

Materials and Methods 

Cells and tissue culture 

3T3-F442A fibroblasts were grown as monolayer cultures at 37 C in 
an atmosphere of 1096 CO r 90» air essentially as described previously 
(17) Subcultured cells were grown to confluence (usually 7 days) in 
Duibecco's Modified Eagle's Medium (DMEM) containing glucose (4.5 
fJL), bovine serum (10%), streptomycin (50 *ig/ml), penicillin (50 U/ 
ml). Fungizone (0.25 ng/mi}, and glutamine (2 mM). Confluent cell 
cultures were then converted to adipocytes by culture for 7 days in 
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■>MFM in the presence of 10% fetal calf serum and insulin (1 fig/ml) 
^ "JZlKn xm) CeU differentiation was assessed by evalu- 
,nd/orpogh^ne(l »*M^eu mic roscopy; cells were 

^V^rS 5Sv5 numerous lipid droplets were observed in 
S^S^lSHC was used durtng th/lOth to 20th passage 
after clone isolation. 

Measurement of 2-deoxy-T>V*C] glucose uptake 

For assav 3T3-F442A cell monolayers (-10* cells/17 mm well) I were 
rirled wiThPBS ano mcubated with 0.5 ml assay medium (DMEM, no 

g£e 5 m« NaHCO, 20 mM N-[2 ;^N W 
giuwcc, j ^ . j jj mn at 22 c. Then u.5 

Si 5u 5SSt nTci/nU Amersham Corp., Arling- 

£t wi^tT n Waa added for an additional 15 min. After this incuba- 
r H i£ i« grated and cells were rinsed with ice-cold PBS 
hon, medium was "J"*^ were , hen sohibilized with 0.5 ml 0.5 n 
N™'^ to^ls rltralized with 52 ,1 glacial acetic acid, 
atd ctn^foTradioactivity using 5 ml Ready Value sant.llat.on fluid 
(Beckman, Inc., Palo Alto, CA). 

Northern blot analysis of RNA for determination of GLUTl 
and GLUT4 mRNA transcript abundance 

Total RNA was extracted from 3T3-F442A cell monolayers essentially 
ac«£ * Method of Chomczynski and SaccW W RNA was 
according «°J™ "™ 1% aj!arose ge U and transferred to nylon 
th *\ S ^«^rdSto the method of Foumey tt at. (19). RNA tran- 
£$^^£££?Z> - membrane with a UV Stratalinker 

^^ytaid^t^°was^rformed using anti-sense ^ i ^ f ^ K> ' } '°^J^" 
Da «d ^cording to the protocol of the reagent suppher (Promega Corp. 
fSS^m For GLUTl, pSPGT-1 (20) was kindly provided by Dr. 
r Chicaao IU and the entire 1591 base pair coding region 

K^SSS^-t- was excised using MI and subcloned 
/ 1- n„ m Hi «te of r>GEM-4Z. EcoRI was used for linearization, and 
VTrSa 'KS w£^sed fox GLUTl Riboprobe transcription. A 
SS koSES»«D2 in the pBluescript KS* (21) ' » S™g 
provided by Dr. Morris Birnbaum (Boston, MA) .For GLUT4 p^P" 1 * 
K«tion y this construct was linearized with Hind III, and T7 RNA 

Polymerase was used for Riboprobe preparation 

nS* stringency hybridizations with Riboprobes were performed by 
« C ovenStacubation of membranes in glass tubes m a Hybaid 
S Ubnet Co., Woodbridge, NJ) using procedures we have 
^i^^ouslv an After rinses, labeled membranes were exposed 
t^tiT^^-^^m Corp Arlington Heights, IL) 
With « hW&g screen. Autoradiographic ^^££7" »" 
nteted by two-dimensional densitometry using an AMBIS C^bcal Im- 
• &L«« (San Dieeo, CA). RNA samples were quantrtated for 
nSor Sg differences by densitometry of etWdjum 
SSe-staLd 28S ribosJmal bands (22) on photograpluc negahves 
(type 55 P/N film, Polaroid, Cambndge, MA). 

Measurement of GLUTl and GLUT4 mRNA stability 

rvnfltumt 3T3-F442A cells were induced to differentiate with insulin, 
■ or both as described above. On day 7 of treatment, the 

poghtazone, or bot .as ^ was added (5 ^ 

!K tt^SSKS «B as Undifferentiated control cultures, 
' i^f.r« Snorted earlier (23-26). Total RNA was extracted from 
££32 aTseffi time points after Act D addition (0, 1, 2, 4, 6, and 
ST) and 8 buSce of remaining GLUTl and GLUT4 ^A^n ; 

was assessed by Northern blot analyses as described above. 
Sse tran^mr mRNA abundance data were fitted to a angle 
airve by nonlinear least square regression analysis. 
tKSm^S ra'te consUnt was used to calculate the mRNA 
hTlf-hfe »k* it was suggested that Act D may have nonspecific effecto 
S I Ion* .term 24% treatments (24), glucose transporter mRNA half- 
^JtaLS were based on changes in mRNA abundance over only 
the first 6 h of Act D treatment. 



Western blot analysis of glucose transporter proteins 

Total particulate membrane proteins were prepared as previously 
described (27). Briefly, cells were washed with PBS and scraped into 
homogenization buffer [20 mM Tris-HCI, 255 rrw sucrose, 1 rnvt EDTA, 
1 mM phenylmethyl sulfonylfluoride, lO U/rnl TrasylolJ and were 
homogenized with 10 pulses by a Tekmar Tissuemizer (Tekmar Inc., 
Cincinnati, OH). A total membrane fraction was prepared by centrifu- 
gation of the homogenate at 200,000 X g at 4 C. Protein concentrations 
were determined by the Bradford assay (28) using BSA as a standard. 
Initial Western blot analyses revealed diffuse bands of GLUTl and 
GLUT4 proteins, possibly due to heterogenous glycosylation of the 
transport proteins. Therefore, samples were routinely treated with pep- 
tide N-glycosidase F (1 U/100 Mg protein) in a buffer containing 20 mM 
sodium phosphate, pH 73. 10 mM EDTA, 1.7% Triton X-10O, and 1 mM 
phenylmethyl sulfonylfluoride for 48-72 h at 37 C to remove sugar 
residues (23). Treated protein samples were then mixed with one fourth 
volume of 4X electrophoretic sample buffer [200 mM Tris-HCI at pH 
6 8, 400 rrw dithiothreitol, 8% sodium dodecyl sulfate, 40% glycerol, 
0.4% bromophenol blue] and stored at -20 C. Samples were thawed 
and loaded in parallel onto two discontinuous 12% poiyacrylamide gels, 
and size-fractionated according to the method of Laemmli (29) using a 
Mini-Protean II Dual Slab Cell (Bio-Rad, Richmond, CA). The amount 
of protein loaded (10 *ig/lane for GLUTl and 60 *ig/lane for GLUM) 
was determined empirically to be within the linear response range for 
the system used. Proteins separated on each gel were electrophoretically 
transferred to Immobilon PVDF membranes {Millipore Corp., Bedford, 
MA) using a Mini-Transblot electrophoretic transfer cell (Bio-Rad). One 
membrane was stained for total protein (0.1% Coomassie R-250, 40% 
methanol, 10% acetic acid). The second membrane was immunostained 
for GLUTl or GLUT4 using a double antibody system and the Immuno- 
Blot Assay Kit (Bio-Rad). The supplier's instructions were followed 
except 5 % BSA was used for membrane blocking. The primary antibodies 
(RaGLUTRANS for GLUTl and RalRGT for GLUT4, East Acres Biolog- 
icals, Southbridge, MA) were diluted 1:3000 and 1:2000, respectively, 
and the alkaline phosphatase-conjugated second antibody (GAR-AP, 
Bio-Rad) was diluted 1:3000 for use. Resulting signals were quantitated 
with the reflective mode of a Model 620 Video Densitometer (Bio-Rad). 
Sample loading corrections were made based on densitometry data from 
the Coomassie-stained membrane. 

Data analysis 

Statistical analysis was performed using SAS version 6 (SAS Institute, 
Inc., Cary, NQ. All hypothesis tests were two-sided and were considered 
significant if the P value was less than or equal to 0.05. 



Results 

Induction of preadipocyte differentiation and glucose transport 
by insulin and pioglitazone 

Treatment of confluent 3T3-F442A cells for 7 days with 
insulin (1 ng/ml), pioglitzone (1 /im), or both agents in the 
presence of 10% fetal calf serum resulted in conversion of 
cells into lipid-acaimulating adipocytes. Whereas some cells 
differentiated into adipocytes by either treatment alone (in- 
sulin, 60%; pioglitazone, 80%), nearly complete differentia- 
tion (95%) was achieved with both agents together. Such 
cellular differentiation was associated with markedly in- 
creased capacity for glucose transport. Treatment of 3T3- 
F442A cells for 7 days with insulin or pioglitazone resulted 
in basal glucose transport levels that were 22- and 30-fold 
increased compared to untreated fibroblasts (Table 1). To- 
gether, both agents appeared to act additively for a maximal 
enhancement of 61 -fold at day 7. Age-matched, undiffer- 
entiated cells maintained in growth medium showed no 
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ABLE 1. P and I-induced increases in glucose transport activity 
, differentiating 3T3-F442a Celts 



Cell treatment 



Glucoe« uptake 
(dpm/cel! ± Rem) 



Control, day 0 
Control, day 7 
Insulin 
Pioglitazone 
Insulin + pioglitazone 



0.0030 ± 0.00007 
0.0013 ± 0.00031 
0.0670 ± 0.0076 
0.0887 ± 0.015 
0.1830 ± 0.037 



Confluent monolayer cultures of preadipocytes m DMEM (dayO) 
.erVtaduced U> differentiate by treatment with msuUn and/or P .ogii- 
^nrPreadipocyw cells maintained for 7 days in DMEM without 
Sinaulin and/or pioglitazone also served as con woU After treat- 
Ifrnr 7 ^v7Xc«* transport actvity was measured by uptake of 
!li n i C3b«l in Materials and Methods. Since 
^otebSld S« has a specific activity of 300 mCi/mmol, there 
£e iTx/dpm Thus, maximal b«al transport was approximately 0.3 
bnol/vAl for cells differentiated in medium containing insulin and 
pioglitazone. 

increase in glucose transport over the 7-day interval, and 
actually declined about 60%, likely an indication of quies- 
cence. 

Insulin- and pioglitazone-enhanced expression of glucose 
transporters in 3T3-F442A cells 

To assess whether such increased glucose transport activity 
could be explained by amplified expression of glucose^ trans- 
porters in adipocytes, we analyzed the levels of GLUTl and 
GLUT4 mRNA abundance. When assessed by Northern blot- 
ting, the abundance of mRNA. transcripts encoding GLUTl 
and GLUT4 glucose transporters increased in a time-depend- 
ent manner (Figs. 1, 2). Whereas 7-day treatment with either 
insulin (1 /»g/ml> or piogluazone (1 m) increased GLUTl 
3£ abundance by 2.3- and 1 5-fold, respectively, above 
Se level in undifferentiated cells (day V), insulin and pio- 
ditazone together acted synergistic^ to increase this 
message by almost 6-fold (Fig. 1). GLUTl mRNA levels 
did not change in age-matched undifferentiated cells main- 
tained in growth medium over the same interval. In contrast 
to the observed synergistic treatment effects on GLUTl 
mRNA levels, GLUT4 mRNA abundance was increased to 
Snttar levels above undifferentiated cells (day 0) reaching 
3 8- 4 6- and 5.2-fold elevation by respective treatments for 
7 davs with insulin, piogUtazone or both (Fig. 2) Whereas 
these^ values for GLUT4 mRNA abundance reflected an 
overall increase at day 7, a small decline was observed at 
mis time point in some experiments with combined treatment 
by insuluVand pioglitazone (F.g. 2, lower). Such restate 
indicate that some down-regulation may occur in the final 

^ThSSgSTn GLUTl and GLUT4 glucose transporter 
mRNA levels were accompanied by changes m levels of the 
encoded transporter proteins as determined by Western blot- 
tine Whereas either insulin or pioglitazone treatment ap- 
peared to increase GLUTl protein levels on day 7 of differ- 
entiation by 2.3- and 3.5-fold respectively, the agents to- 
gether seemed to act synergisticaUy to increase protein levels 
bv almost 10-fold above those of age-matched undifferen- 
tiated cells (Fig. 3). In contrast to the observed synergistic 




GLUT! mRNA 





3.0 kb 



CS INS PIO l+P 

Fig. 1. Effect of insulin and pioglitazone treatment on GLUTl mRNA 
abundance. Upper, Time-dependent increases in abundance of GLUTl 
mRNA during differentiation of 3T3-F442A ceils induced by insulin 
(INS), pioglitazone (PIO), or both. Cells were seeded, grown to conflu- 
ence, and differentiated as described in Materials and Methods. Un- 
treated age-matched fibroblasts maintained in DMEM containing only 
10% calf serum were used as control (CS). Total RNA was isolated at 
indicated time points, and samples (10 pg/lane) were electropboreti- 
cally size-fractionated on agarose gels. Northern blots were hybridized 
to Riboprobes specific for rat GLUTl mRNA. Autoradiographic band* 
were quantitated by densitometry and normalized for minor loading 
differences as described in Materials and Methods. Data represent mean 
values for n " 5-6 determinations. A three factor analysis of variance 
(ANOVA; insulin, pioglitazone, time) with interactions showed a sig- 
nificant effect on GLUTl mRNA abundance from combined treatment 
with I and P (P < 0.001). Lower, Representative Northern blot showing 
GLUTl mRNA abundance in control (CS) and treated (INS, PIO. I + 
P) cell* on day 7 of differentiation. 

effect on GLUT! protein, GLUT4 protein levels increased by 
about 2.2-, 6.6-, and 4-fold by insulin, pioglitazone, or both, 
respectively (Fig. 4). 

Increased stability of glucose transporter messages 

We next investigated possible effects of insulin and piog- 
litazone on the stability of GLUTl and GLUT4 mRNAs. 
Fibroblast 3T3-F442A cells were induced to differentiate by 
treatment with insulin (1 ><g/ml), pioglitazone (1 /m), or both 
for 7 days. The transcription inhibiting agent, Act D (5 up 
ml), was' added to differentiated cells on day 7 or to undif- 
ferentiated control cells just before such cells reached conflu- 
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Tlm»i Diy* 



GLUT4 mRNA 




-3.0 kb 



CS INS PIO t+P 



confluence, and d.fftrenUaiM ^ f described in Materials and 
^L'^^tei ^Stched fibroblasts maintained in DMEM 
"Xl0%«lf ^« we re used as control (CS). Total RNA 
conuxnm^nlv 10% «U ^nna described for Fig. 1, and 

S^StJuS^sXnt audiographs was done a, de- 
•V j ■' and Method*. Data represent mean values for n » 

scnbed in ^fHw^rANOVA (imulin, piogliiaione, time) 
5-6 determination*. A *ree &ct«« GLUT4 roRNA abun- 

with ir^ra^ons ^ ^pKS,), Lower, Northern blot 
J^G^^&*~ in control (CS) and treated (INS, 
?ia 1 + P) cell* on day 7 of differentiation. 

ence and total RNA was ^^cted from cells at indicate! 
rim« after addition of the transcription inhibitor (0, 1, 2, 4 
r^nd 24 S) Even after 24-h treatment with Act D, ceU 
LjSranes rcrnained intact and appeared refractole, and 
^e^s nobble sloughing of cells from the plates. The 
ua»Z* of remaining mRNA transcripts for each of the 
3 ? U SnscoSr sen! was assessed on Northern blots, 
ffir* S of 3T3-F442A cells increased the GLUT1 
SSST2S3. tZ ££f 2.2 h in control undifferentiated 
„ ► at™ 5 7 3 6 and greater than 24 h in adipocytes 
C ^tenS bv treah^ent with insulin, piogiitazone, or 
differenhatea t>y »w stabilization of 

^?^S%S^*^^ ** corresponding in- 
2J2. in GUJTl^nRNA abundance. Similarly, GLUT4 



tsoo 



1200 



900 



(00 



300 




PIO INS+PKJ 



TiumimI 



GLUT1 Protein 



49,500- 
32,500- 



I'M 




-41 ,000 



M CS INS PIO HP 

FiG 3 Effect of insulin and piogUtazotw treatments on GLUTl pro- 
tein abundance. Upper, Increased GLUTl protein abundance on dif- 
ferentiation of 3T3-F442A cells. Confluent 3T3-F44a* cells were dif- 
ferentiated withHINS). P (PIO), or both (INS + PIO) as described m 
Materials and Method*. On day 7, cellular membranes were isolated 
from undifferentiated (CS) or differentiated (INS-, PIO-. or INS + 
PlO-treated) cells, and protein (10 j^t/lane) was elect^horesed and 
immunoblfltted for GLUTl detection using the rabbit anti-GLUTl 
primary antibody (see Materials and Method*). Resulting coiorimetnc- 
aUv stained bands were quantified by densitometry and normalised 
for minor loading differences. Data are expressed as percent of control 
and represent mean values ± SEM for n - 8 oeterminations. Witt 
background subtraction, the mean basal value was 0.20* 0.06 arbitrary 
density unite. Two factor ANOVA showed significant effects on 
GLUTl protein by INS (P - 0.014), PIO (P - 0.015), and INS + PIO 
(p < 0.0001). Lower, Representative immunoblot showing expression 
of GLUTl protein in selected samples from control (CS) and treated 
(INS PIO I + P) cells on day 7 of differentiation. Molecular weight 
markers are indicated in lane M; the GLUTl band ran as M, - 41,000. 

mRNA half-life increased from about 1.2 h in undifferen- 
tiated control cells to about 14.2, 10.3, and greater than 24 
h in cells differentiated with insulin, piogiitazone. or both, 
respectively (Fig. 5, Table 2). Again, GLUT4 mRNA stabili- 
zation appeared to account for observed increases in mRNA 

abundance. , . . 

As shown in Fig. 6, we were able to quanhtate differential 
expression of transporter messages in cells undergoing dif- 
ferent treatments bv differentially exposing the Northern 
blots to film. This allowed calculation of message half-lives 
even when transcripts were present only at relatively low 
levels. 

Discussion 

Piogiitazone, 5-[4-(2-(5-ethyl-pyridyl)ethoxy]-2,4-thiazo- 
lidinedione, is an antidiabetic agent that has been shown to 
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OLUT1 n»BNA .IftbMUy 



INS 1*0 
Tr«wwnl 

GLUT4 Protein 




w tS00 ^mm^mimmwmmt -46,ooo 

32,500- _ 

MCS INS PIO 1+P 

_ c „.„ nioelitazone treatments on GLUT4 pro- 

^ i^l l£S "toTrJSL^prot.inlevetacndif&rez.tia- 

* ma ^™T442A^ehs. Cell culture, treatment condiuons. protein 

t,on »f 3 J 3 ;;; 4 ^1" blot analyses were performed as described in 

extraction, and w "?"u!? so „ Jlane total protein were loaded for 

Fig. i.^-fSTJSi ant*GLUT4 primary antibody. Data are 
detertmn using the xabM an ( ^ ± 8EM for n - 10 

expressed « P*«*£° L^SuSd fraction, the mean basal value 
determinations. *™ ™*£^ ty unit ». Two factor ANOVA showed 

w« 0.57 ± o.ii j5 Tins <p - o.ois), wo </> - 0.007), 

.ignifiomt effecto on _ ^^^J?*™^ 
. ■ * . Jh levels of GLUT4 protein in 7 day-treated (INS, PIO, 
showing "-creased »^ J££wd J Dttol (GS ) cells. GLUT* protein 
I + P> Mm ^J^„d^ih apparent M, of 46.000. In control cells 

secondary antibody. 

i hvnerelvcemia in animal models of noninsulin- 

deindent KS-llitus 0* H. 30)- The purpose of our 
dependent <" a ^ ce jl ular actioI1 mechanisms un- 

SS^^SlSic effects of pioglitazone. Our prior 
deriytng we * antidiabetic agent pioglirazone 

2SE a celerator of adipocyte differentiation of 

55 F«W 3S» (U). This was evidenced by our demonstra- 
SnlVt treatment of fibroblast-like preadipocy tes with piog- 
JtTzone 3 £ « F^on of fat-specific genes along wtth 
acaSoTof the morphological appearance of hptd-accu- 
TJ^dipocytes wUh concomitant increases m tnglycer- 
T ^muE 014). in the present study, we showed that 
,d \ Tt«oTe "eated cells showed an increased capacity 
S fi^Mth associated increases in GLUT! and 
gluTiToteins. We further measured increased evds of 
mRN A transcripts encoding these glucose transporters and 
f ASS increases corresponded with markedly en- 
hTnfed s^b^o""th GLUT 1 and GLUM mRNA mes- 
hanced steb^ty . of {ucose transporters m 



E 
* 




z 4 t a 

Hour* attar AcHnomycin D Addition 
QLUT4 mWA Stability 



E 

c 




Hour* •»« AciifHMn»cin O AMHIon 

Fm f> Vpp*r. Enhanced GLUTl mRNA stability associated with 
treatment of 3T3-F442A cells with insulin (INS), piogUtaione (PIO), 
or both (1 + PI. Lower. Enhanced GL.UT4 mRNA stahility associated 
with treatment of 3T3-F442A cells with L P, or both. Confluent 3T3- 
F442A cells were differentiated with IttS, PIO, or 1 + P for 7 days as 
described in Materials and Methods. On day 7 of treatment. Act D (» 
ue/mi) was added to differentiated HNS. PIO, 1 + P) and undifferen- 
tiated (CS) control cells, and total RNA was extracted from cells et 
indicated time points (0, 1, 2, 4, 6, and 24 h). Abundance of mRNA was 
assessed by Northern blotting analysis as desmbed earlier. Data are 
expressed as percent of mRNA remaining after Act D treatment relative 
to the levels before the treatment time 0. Each dttajmnt represents a 
mean value for n = 2 determinations. Calculated mRNA half-lives are 
shown in Table 2. 



uptake, thus ultimately facilitating glucose storage and me- 
tabolism as well. 

Results of our present study showed that the differentia- 
tion of 3T3-F442A cells by treatment with insulin and piog- 
litazone was accompanied by strikingly increased capacity 
for basal glucose transport (60-fold) compared to that for 
fibroblast-like preadipocytes. Paginated diffusion of glucose 
across the plasma membrane of adipocytes is known to be 
mediated by two glucose transporter proteins, i.e. GLUTl 
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ABLE 2 Calculated mRNA half-lives in undifferentiated and 
fferentiated 3T3-F442A cells 



Treatment 


cs 


INS 


s| A half-life fh> 

pio 


INS + PIO 


Transporter 
GLUT1 
GIAJT4 


2.2 
1.2 


5-7 
H.3 


3.6 
10.3 


>24 
>24 



o calculate the mRNA half-Ufe. 

GLUT1 mRNA Stability 



CS 



INS 



PIO 



l+P 







6 24 



Hours after Actinomycin D Addition 

ft Autoradiography of Northern blots probed for GLUT! mRNA 
^^nS ater D treatment. Experimental samples were 
transcript ™S 5 Datfl shown ^p^nt duplicate exper- 

prepared as de«nbed Q INg> wb £ re only a Bing ] e sample 

^ CrfS ex^u* «> radiolabeled blot were 40 18, 
V Tfl SrCS INS PlO\ai.d INS + PIO. respectively. Some funis 
^ J^iposure intervals for detection of low level t^nscnpte. 

a r~i I FT4 f311 Multiple mechanisms exist by which hor- 
«« a ^ other factor? control the rate of cellular glucose 
iSESaS Ttransporters. These include the rapid trans- 
T P v-1 nf oreexisting transporters from an intracellular pool 

° f activi ? 

2 Preexisting plasma membrane glucose transporters and 
iSn of the synthesis of new transporters (32). We 
Sy'Served increased transporter synthesis, smce our 
Ste demonstrated increases in the expression of both 
SSjTI and GLUT4 transporters on mRNA and protein 



levels {5- to 10-fold maximal enhancement for each). These 
results are in agreement with previous studies in which 
GLUT1 and GLUT4 mRNA and protein levels were shown 
to increase during differentiation of 3T3 preadipose cells (27, 
33). Our observed increase in glucose transporter activity 
appeared to be somewhat greater in proportion than the 
combined increases in the synthesis of the two transporter 
proteins. This observation indicated that another mechanism, 
such as increased intrinsic activity of transporters, may also 
contribute to the effect. Such regulation of intrinsic trans- 
porter activity has previously been reported (34, 35). Inhibi- 
tion of 3T3-L1 adipocyte protein synthesis by anisomycin, 
for instance, appeared to stimulate glucose transport primar- 
ily by enhancing the intrinsic catalytic activity of cell surface 
GiUTl, and to a lesser extent GLUT4 proteins (34). Further, 
treatment of 3T3-L1 preadipocytes with tumor necrosis fac- 
tor-« reportedly increased glucose transport and GLUT1 
transporter intrinsic activity (35). Alternatively, it is possible 
that the apparent difference iri glucose transport activity and 
glucose transporter protein levels may be a consequence of 
our presentation of data as fold-enhancement relative to low 
level controls. As such, we may have some differences in 
detection sensitivity rather than absolute differences in the 
magnitude of changes. 

increased mRN A abundance can be attributed to enhanced 
RNA transcription and/or increased message stability. It was 
previously established that increases in the steady state level 
of several mRNAs during differentiation were accompanied 
by activation of specific gene transcription (36-39). This was 
particularly shown for mRNAs whose abundance was in- 
creased markedly (20- to 100-fold) during differentiation, 
including the aP2 and glycerolphosphate dehydrogenase 
genes (36). The same report showed no significant changes 
in the rates of transcription of mRNAs for which abundance 
was more moderately altered (2- to 4 -fold) during differen- 
tiation, such as those encoding fructose- 1,6-biphosphate, &- 
actin, and 0-tubulin (36). In any case, most adipocyte mRNAs 
were far more abundant than would be predicted by their 
increased nuclear transcription rates. When increases in 
steady state mRNA levels cannot be attributed to changes in 
transcription, other levels of control such as mRNA stability 
likely contribute to the relative abundance of mRNAs during 
adipocyte differentiation. Since we observed moderate in- 
creases in GLUT1 and GLUT4 mRNA abundance (about 5- 
fold) with adipocyte differentiation, we compared mRNA 
half-lives in undifferentiated and differentiated cells using 
Act D (a transcription inhibitor) chase experiments. Differ- 
entiation of 3T3-F442A cells by insulin and/or pioglitazone 
dramatically increased the mRNA half-lives for GLUT1 and 
GLUT4 above their values in undifferentiated cells, i.e. from 
1-2 h up to greater than 24 h. Such stabilization of these 
mRNAs with adipocyte differentiation correlated well with 
increases in the mRNA steady state levels. It is interesting to 
note that Actinomycin D itself has been reported in a few 
instances to have mRNA stabilizing effects (40-42). It would 
therefore be possible to extend our observations by conduct- 
ing experiments using different transcription inhibitors such 
as 5,6-dichloro-l-0-D-ribofuranosylbenzimidazo)e or thiolu- 
tin, or using a different method such as [ 3 H)uridme pulse to 
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rifv messaee stability. However, our observed dramatic 
«asein tt5 stability of transcripts encoding glucose trans- 
«Z in adipocytes versus fibroblasts seems likely to re- 
1 though E may be some differences in the absolute 

^Mnilepresent the first study that directly associ- 
«Tnae7se?steady state mRNA levels during adipocyte 
SeS?™ v£h increased mRNA stability. This process 
as however, predicted earlier based on observed increases 
SwT^anscript levels that could not be explained by 
l^gTne inscription (36-38). Regulation of mRNA 
StTin such cells has, in fact, been reported for other 
™ Treatment of 3T3-F442A mature adipocytes with 
SJESTtetSS: specificaily decreased the adipsin 
™ A level (43) For such studies, the rate of adipsin gene 
^ptTon iemaU unchanged, whereas the half-life of 
S mRNA was greatly shortened « ^ f 
Kcvtes as compared with untreated cells (37.6-7.3 h). 
fflrtcample is^he induction of GLUT1, as well as other 
Mediate-early growth-related protooncogenes, m 3T3-L1 
^blasts bv treatment with tumor necrosis factor-« (26, 35) 
;Sl i bromo-cAMP (44). Whereas transcriptional activation 
fimSte^ genes correlated M -»-th subsequent 
accusation of their respective mRNAs, mcreased GLUT1 
mRNA was due to an apparent increase m the stability of 
SSmessaee (45 min to several hours) without changes in 
^ Sption. Another study showed that increased 
GLUT1 mRNA abundance by chronic exposure of L6 myo- 
cytes to insulin was due to increased transcnpbon as well as 

response to biological and pharmacological stimuli has been 
recSuzed as an important posttranscriptional step for reg- 
ulatioTof gene expression (46-49). Despite that, the mech- 
■=™« underlying such processes, including the signals that 
^riSf^to or stabilization the structural 
Sents of the RNA that are recognized by degradabve 
e^Tes or stabilization factors, as well as the enzymes or 
SVaHs-acting ^ aois themselves, are largely unknown 
^ 49-52) InterWungly, a recent report indicated that the 
3' untranslated region of GLUT1 mRNA contains a single 
LrXe destabUizing AUUUA motif in the context of an 
AU^rich reVon (26). The stability of GLUT1 mRNA was 
found w be partially controlled by its interaction with a 
seance-specific mRNA binding protein the adenosine- 
uridine binding factor which was speculated to mediate 
" RNA stabilization by blocking the AU-destabilizing motifs 
Slfwe hereSre propose that increasing mRNA abundance 
during differentiation by increasing message stability pre- 
cis an interesting phenomenon awaiting further examma- 
tion JuhTre effort should be particularly directed toward 
fdentifymg common mRNA sequences that may function as 
SbS elements in the differentiation-induced mRNAs 
as well as identifying their regulatory binding proteins. 

Acknowledgments 

, k „„ ^tnowledce the expert technical assistance of K. Lorenz 
?? w MwaSmSes, IL?and the statistical analysis assistance 
^ N^thnlin (Hines,V). We sincerely thank Dr. Graeme 



Bell (Chicago, 1L) for providing the DNA construct used for preparing 
rat GLUT1 Riboprobes and Dr. Morris Birnbaum (Boston, MA) for 
supplying rat GLUT4 cDNA. The 3T3-F442A cells were kindly provided 
by Dr. Jessica Schwartz (Ann Arbor, MI) with permission from Dr. 
Howard Green (Boston, MA). 



References 

I. DiGirolamo M, Newby FD, Lovejoy J 1992 Lactate production in 
adipose tissue: a Tegulated function with extra-adipose implications. 
FASEB J 6:2405-2412 

2 Lonnroth P 1991 Regulation of insulin action at the cellular level. J 
' lnt Med 229:23-29 

3. Spiegelman BM 1988 Regulation of gene expression in the adipo- 
cyte: implications for obesity and proto-oncogene function. Trends 
Genet 4:203-207 „ . . 

4. Olefsky JM, Garvey WT, Henry RR, Brillon D, Matthei S, Fm- 
denberg GR 1988 Cellular mechanisms of insulin resistance in non- 
insulin dependent (type II) diabetes. Am J Med 85:86-104 

5 Moller DE, Flier JS 1991 Insulin resistance-mechanisms, syn- 
' dromes, and implications. N Engl J Med 325:938-948 

6. DeFronzo RA, Boiudortna RC, Ferrannini E 1992 Pathogenesis 
of NIDDM: a balanced overview. Diabetes Care 15:318-353 

7. Gerich JE 1989 Oral hypoglycemic agents. N Engl J Med 321:1231- 
1245 

8. Melander A, Bibten P, Faber O r Groop L 1989 Sulfonylurea 
antidiabetic drugs. An update of their clinical pharmacology and 
rational therapeutic use. Drugs 37:58-72 

9. Hofmann CA, Colca JR 1992 New oral thiazolidinedione antidi- 
abetic agents act as insulin-sensitizers. Diabetes Care 15:1075-1078 

10. Ikeda H, Taketomi S, Sugiyama Y, Sodha T, Meguro K, Fujita T 
1990 Effects of pioglitazone on glucose and lipid metabolism in 
normal and insulin resistant animals. Anneim-Forsch/Drug Res 
40:156-160 

II. Hofmann C Lorenz K, Colca JR 1991 Glucose transport deficiency 
in diabetic animals is corrected by treatment with the oral anti- 
hyperelycemic agent pioglitazone. Endocrinology 129:1915-1925 

12. Kraegen EW, James DE, Jenkins AB, Chisholm DJ, Stortien LH 
1989 A potent in vivo effect of cigUtazone on musde insulin resist- 
ance induced by high fat feeding of rats. Metabolism 38:1089-1093 

13. Chang AY, Wyse BM, Gilchrist BJ 1983 CigUtazone, a new hy- 
poglycemic agent. II. Effect on glucose and lipid metabolisms and 
insulin binding in the adipose tissue of C57BL/6J-6b/ob and -+/? 
mice. Diabetes 32:839-845 

14. Sandouk T, Reda D, Hofmann C, The antidiabetic agent pioglita- 
zone enhances adipocyte differentiation of 3T3-F442A cells. Am J 
Physiol, in press 

15. Kletzien RF, Clarke SD, Ulrich RG 1992 Enhancement of adipo- 
cyte differentiation by an insulin-sensitizing agent. Mol Pharmacol 
41:393-398 

16. Hiragun A, Sato M, Mitsui H 1988 Preadipocyte differentiation m 
vitro: identification of a highly active adipogenic agent. J Cell Physiol 
134:124-130 

1 7. Schwartz J, Carter-Su C 1988 Effects of growth hormone on glucose 
metabolism and glucose transport in 3T3-F442A cells: dependence 
on cell differentiation. Endocrinology 122:2247-2256 

18. Chomczynski P, Sacchi N 1987 Single-step method of RNA isola- 
tion by acid guanidinium thiocyanate-phenol-chlorofonn extraction. 
AnalBiochem 162:156-159 

19. Fourney RM, Miyashi J, Day RS, Paterson MC 1988 Northern 
blotting: efficient RNA staining and transfer. FOCUS 10:5-7 

20. Gould GW, Uenhard GE 1989 Expression of a functional glucose 
transporter in Xenopus oocytes. Biochem 28:9447-9452 

21. Bimbaum MJ 1989 Identification of a novel gene encoding an 
insulin-responsive glucose transporter protein. Cell 57:305-315 

22. Bonini J, Hofmann C 1991 A rapid, accurate, nonradioactive 
method for quantitating RNA on agarose gels. Biotechnology 
11:708-709 

23. Kaestner KL, Flores-Riveros JR, McLenithan JC, Janicot M, Lane 
MD 1991 Transcriptional repression of the mouse insulin-respon- 
sive glucose transporter (GLUT4) gene by cAMP. Proc Natl Acad 



Downloaded from endo.endojoumals.org on December 23, 2004 



* 



* 



INCREASED GLUCOSE TRANSPORTER EXPRESSION 



359 



S2c K2d E Won S, Doglio A, Amri EZ, Grimaldi P 
?Q89 teSSTof gene expression by insulin in adipose cells: 
ScJSSST-, alipsin < dehydrogenase 

r*Kp mSS52h Se 52 Fetal. PH 1990 The growth 
' factor-alpha. Stimulation of 

factor-HKe eirecc. tn in( juction of glucose transporter and 

fSTWS^^ * 3T3 - L1 ' Bi01 

Chem 265^20506-20516 ! 992 Tumor necrosis 

h! 5t3 TmurinTnWblSts. Biochem J 270:331-336 

S 1976 A rapid and sensitive method for the quanti- 

i9 " Lt e ^e head o?S^rio?hageT4. Nature 227:680-685 

bly ot tnc Y i ke da H 1990 Effects of pioghtazone on 

3 °- HSKd Y 'pSpS ^nre^tance in Wistar fatty rat, Arz- 

f- FO fflS Gould GW, Fan Y, Eddy R. 

3 S -"molecular regulation. Annu Rev Physiol 

m Sm B°, Guerre-Millo M, Hainault I, Moustaid N, Wardzala 

33. H"«que «V regulation of glucose transporters by 
SJK ilS^#442A ad£*e ce.ls. J Bio. Chem 265:7982- 

Tf 88 - ca dancv BM, Peasino A, Czech MP 1992 Activation 

34. H ^ n ,^'? u ^ ^Jporters measured by photoaffirdty la- 

?. 788 «... p Marlowe M, Douglas LM, Pekela PH 1990 The 

- 65: ^tr nA^lw.owski MA, Kelly TJ, Lane MD 1985 Evidence 
36. BentlohrDA Bolano^i M , mRNAs during differen- 

f OT an mcrease " » ^^gcye* , Biol Chem 260:5563-5567 

37 SKtfS^i-" conversion of 3T3 cells. J Cel. Physiol 
124554-556 



38. Cook KS, Hunt CR, Spiegelman BM 1985 Developmentaliy regu- 
lated mRNAs in 3T3-adipocytes: analysis of transcriptional control. 
I CeU Biol 100:514-520 

39. Chapman AB, Knight DM, Ringold GM 1985 Glucocorticoid reg- 
ulation of adipocyte differentiation: hormonal triggering of the 
developmental program and induction of a differentiation-depend- 
ent gene. J Cell Biol 101:1227-1235 

40. Knutsen HK, Tasken KA, Eskild W, Jahnsen T, Hansson V 1991 
Adenosine 3',5'-monophosphate-dependent stabilization of mes- 
senger ribonucleic acids (mRNAs) for protein kinase-A <PKA) sub- 
units in rat Sertoli cells: rapid degradation of mRNAs for PKA 
subunits is dependent on ongoing RNA and protein synthesis. 
Endocrinology 129:2496-2502 . 

41 Pontecorvi A, Jamshed JR, PhyiUaier M, Robbins J 1988 Selective 
degradation of mRNA: the role of short-lived proteins in differential 
destabilization of insulin-induced creatine phosphokinase and my- 
osin heavy chain mRNAs during rat skeletal muscle L6 cell differ- 
entiation. EM BO J 7:1489-1495 .■.„_. „„ , aaa 

42 Iynedijan PB, Jotterand D, Nouspikel T, Asfan M, Pitot PR 1989 
Transcriptional induction of glucokinase gene by insulin in cultured 
liver cells and its repression by the glucagon-cAMP system. J Biol 
Chem 264:21824-21829 . . 

43. Antras J, Lasnier F, Pairault J 1991 Adipsin gene expression in 
3T3-F442A adipocytes is posttranscriptionally down-regulated by 
retinoic add. J Biol Chem 266:1 157-1 1 61 

44 Cornelius P, Marlowe M, Call K, Fekala PH 1991 Regulation of 
glucose transport as well as glucose transporter and immediate early 
gene expression in 3T3-L1 preadipocytes by 8-bromo-cAMP. J Cell 
Physiol 146:298-308 

45 Maher F r Harrison LC 1990 Stabilization of glucose transporter 
mRNA by insulin/IGF-1 and glucose deprivation. Biochem Biophys 
Res Commun 171:210-215 

46 Raghow R 1987 Regulation of messenger RNA turnover in eukar- 
yotes. Trends Biochem Sci 12:358-360 

47. Ross J 1988 Messenger RNA turnover in eukaryotic cells. Mol Biol 
Med 5:1-4 , 

48 Stephens JM, Fekala PH 1991 Transcnptional repression of the 
GLUT4 and C/EBF genes in 3T3-L1 adipocytes by tumor necrosis 
factor-alpha. J Biol Chem 266:21 839-21 845 

49 Stephens JM, Pekala PH 1992 Transcriptional repression of the C/ 
' EBP-alpha and GLUT4 genes in 3T3-L1 adipocytes by tumor necro- 
sis factor. J Biol Chem 267:13580-13584 

50. Jackson RJ, Standart N 1993 Do the poly(A) tail and 3' untranslated 
region control mRNA translation? Cell 62:1 5-24 

51. Klausner RD, Horford JB 1989 Cis-trans models for post-transcnp- 
tional gene regulation. Science 246:870-872 

52. Brawennaa G 1989 mRNA decay: finding the right targets. Cell 
57:9-10 



Downloaded from endo.endpjoumals.org on December 23. 2004 



Vol. 274. N.. 37. 1»» of S«**mb« 10. pp. 

r-i«+ Q Tiiic Acid y-Monohydroxamate 

'^SZZ « V— -EVOKED GLUOOSK METABOLISM Hf VITRO AND 1NV7VD* 

^ POTENTIATOR (g^aived fcr publication, February 5, 1999, and in reviaed form. July 8, 1999) 

, ^Jjii^^s** and Yoram Shecnter* « 
MatiFndlanS , ana ^ K n, n „„;, Chemistry The Weizmann Institute of Science, 



^ that the vanadium ligand l-G1u( T )HXM po- 
We report that the van vanadium ions to activate 
tentiates the capacity fr ee ™ ^ ^ ^ adipo . 
glucose uptake and glucose blood glucose 

lytes in vitro toy££f™j£ vioo ^ g-T-fold). A mo- 
levels in hyperglycenuc^s ™ w J to one vanad ium 

lar ratio ^^£™toither vanadium Ugands 
ion was most ^ectov^ omimfitic act ions of vana- 
that partial a<*vated Upogenesis ini-at 

dlum, ^ Glu Y) ™^e7of exogenous vanadium. This 
adipocytes £ „.^„( t )HXM. At 10-20 m 

effect w^r^T^ activated 9-21%. This ef- 
L .Glu(r)HXM, S^^foShiuher (140 ± 15% of max- 
fect was a PP ro ^^f:„ adiposes derived from rats 
imal insulin for several days, 

that had been *r ea ed vnth vana ^ led to 8 

Titration of IT n a t teT£orbInce of vanadium (IV) at 765 
™P id ^^^sp^^opy revealed that thechem- 
run, and s V NMK specif r disappeared with 

ic alshiftofvanadmmOV)at ch ™ ctGrietic to vanadi- 
the appearance of a ^ a addin one equivalent of 
um(V) ^\PCiuSa^L.Glu(-SHXM is highly active 
L -Glu(7)HXM. In ^^^etivated glucose metaboUsm 
iB P ?^dTXr^^ n e Sucose metabolism 
in » ltr0 * nd :"l^ &e absence of exogenous vanadium 
in rat adipocytes iv ^ intracellular va- 

probably ^^^nsuUnomimetic compound. We 
nadlum into ""JS^ s ^ ies is either a 1:1 or 2:1 
propose that the in which the endoge- 

r.Glu(7)H3M va ^'C Cn ^tered to vanadiumCV). 
noU svai«diumW^Jb*en L . Glu(y )HXM- and 

Fi ^^™a^d°un^evoked lipogenesis is arrested 

^l^-rr^somes to the plasma 
membrane. 

• =t.,rf. ea have been carried out during the last two 




nadium salts mimic most of the effects of insulin on the mam 
target tissues of the hormone in vitro and also mduce normo- 
SSmia and improve glucose homeostasis «in .i^ulm-deficient 
(5-71 and insulin-resistant diabetic rodents m vivo (5-8). On 
the basic research frontier, data continue to accumulate show- 
s' S v^aSum salts manifest their insulin-like metabolic 
effects through alternative pathways not mvolving insulin re- 
ceptor tyrosine kinase activation or phosphoi^laUon of insuhn 
^Ttor^bstrate 1 (9-19)- The key events of tins backup 
appear to involve inhibition of protein-phosphotyrosme 
phwphateseT and activation of nonreceptor protem-tyrosine 

lQ ^^un 2 Sts are seriously considered as a possible treat- 
ment for diabetes, and several clinical studies have already 
^ performed. In those studies, because of ite toxicity only 
KseTof vanadium (2 mg/kg/day) were used. Although 
-20-fold lower than doses used in most animal staches several 
beneficial effects were observed and documented (24-26). Any 
manipulation to elevate the insulmomimetic efficacy of vana- 
dium Without increasing its toxicity is of major ckmcal interest 
for the future care of diabetes (reviewed m Ref. 27). 

Organically chelated vanadium compounds such as 
vanXrn aiylacetonate and vanadium-RL-252.1 are more 
potent than free vanadium in facilitating insulin-hke effects m 
rTadioocytes (28, 29). Similarly, chelated vanadium com- 
pTunds^uch as bis(maltolato)oxovanadium and bis( P icolina- 
Soxovanadium are more effective than free vanadium in re- 
ducing circulating glucose levels in hyperglycemic streptozoon- 
treated rats (30-33). , , , 

ti the wake of these findings, we have conttnuedour search 
for more effective vanadium binding agents. Of special interest 
£rr*ere vanadium chelators that synergic with vanadium 
bothm vivo (U. in streptozocinrats) and m vtiro (i.e. m^olated 
rat aSicytes) and therefore enable us to gain insight into tiie 
Easic mechanism(s) by which such compounds potentiate the 
^oSSc activity of vanadium^ Specifically we ^ave 
studied hydroxamic acid derivatives- These compounds are in- 
volved in tne^crobial transport of iron and are therefore 
applied therapeutically in conditions of iron deficiency (34). 
ThL are also inhibitors of urease activity and have been used 
in the treatment of hepatic coma. Monoamine acid hydroxam- 
ates are simple, nontoxic derivatives of ammo acids D-Aspartic 
tTd Sydrcxamate was shown to have antitumor actmty on 
murine leukemia L5178Y, both in vitro and in vivo, and is 
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» The abbreviations used are: RL-252, [(CH 4 ) 1 ^C-lCH 2 WCH t ) 2 -CO- 
^^iB^CONOHCH,!,]; l-G1u(v)HXM. glutamic scid rmonohy- 
? GLOT" E^co^e transporter 4; EM. plasma membranes; 

SKwity ^-=.^^~r albUn,ln: V ° Cli ' 



vanadyl dichloride; NaVO s , sodium metavanadate. 
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, . lipog enic opacity of vanadium^ follow^ the addition ^^^^^S^^SS^ 
FIG. 1. I^creasemthe ^^^P^,^ in RRB buffer pH ^^pplemented with (U-»Cl^e. an* 



anoma in ww t 35 ' 36) - 

EXPERIMENTAL PROCEDURES 
ni wrirfucoee and 2-deoxy-D-[G- s H3gluco 8 e were pur- 
^^^RN^Se^P^ucts^UagenaBe type I (134 «n»" 
chased frtmNEN L*««n« Poreine insulin was purchased 

mg) was obte.ned from ^rtiy ^eoxyglucose, i^iutamic 

to Eli liny Co- add'^Snohydroxamate, glycine hy- 

aridt^ropochydroxamate, ^ B ™ c ™ ^ ^tyrosinetajhydmxamate 

N.CI. 25 ^^^er'bfcSnai ShBOSBBH) buffer (pH 7.4) 
SSSSS S NaHCO s . 1 m» CaCl, 1 mM MgSO,. 
»^ 8 g$ 2"jo*Sk All other chemical, and reagents used m 
fcTstudy were ofWytical^^ ^uced by a single intra- 
venousinje^onofa^Hy^repar^ ^ ^ ^ 
^SSS^S ^u^clplexonblo^glucose level waadeterm.ned 
l^Glul^J* 1 "^™ 1 ™ „ „rHiahetes by streptozocin. 
8 days after ^^fj^^t adipocytes were prepared from 
Cell O30-150^by collagenase digestion 

the fat pads of ™*2*5^J (37 ). Cell preparations showed more 
according to the .b-WJJ^^ at least 3 h after digestion, 
than 95% viability by -I^anb'^^V fi legends. Glucose 



and lipogenesis (the incorporation of Unlabeled gluc^mtohpi^ 
according to Moody et oi (39), Briefly, freshly prepared 
T ^SSwe^HttpWded in KRBH, 0.7* BSA buffer and divided 
Each vUl contained ^ of adi^ 
tension (about 1.5 x 10" cells). These were incubated fcr 2b at 37 *C 
uXanSbere of 95% O a , 5% CO, with 0.16 n* W- Clglucose. 
£ch aWc3dned vials with and without 17 ^ arf the 
vartu™ expounds. Lipogenesis was terminated by add,ng^u*j«- 



-AQOO com/1.5 X 10* cells/2 h f V inw , in - y— ~" 

p»f iei All assays were performed in duplicate or triplicate 
^iSfCSo blot A%lysU OTGLUT4 ^ 
MOM Stimulation of Rat Aciipocj^-Adipocytes prepared from 
£tSd «£Tere incubated with and without insulin and with 
Sv?HXM alone and complexed with vanadate as specified m fee 
fi^^cXwere then homogenized and Collated to low densi^- 
figure. uei s (LDM) and plasma membrane (PM) fractions by 

ESSES ^SS^^ 

": ins then solubilised in sample buffer for 30 mm at 25 C, re- 
^TlSTsDS-polyacrylamide gel electropho^ ^fer^lto 
■l^lluloae oaoer and immunoblotted with ann-GLUT4 antaera 
UirvSLC waTperformed by phosphoimaging. The relative 
InLS of CTs correfponding to GLUT* was ouantitated using 

^NmSpectroscopy-Ke "V NMB spectrawere re^rded ona 
200-Mrfe Bruter V7PS4 (4.7T) spectrometer. Spectrum width of 16.000 



r Glu(y)HXM Potentiates Vanadium-evoked Glucose Metabolism 



26619 



\ 



iJ 



8. 

s 

* e 
11 
U 

II 

s 
s 
•s 
* 



\ 



\ 



lOpM 



1S(iM 



W 2. Stimulation of '%^-;^ E ra rS^ 0 (3°>< f 

we«preincubat^forWmm ^ » NaV0 3 or with free 

3:1 molar »t^^,,°£r£i ^fceus were then supplemented 
NaVO s W and free was performed for 2 h at 37 *C. 

with [U-"ClglucoBe^d lipoge^B p« then determined. 

SSffiKE^ U^^edTthe presence of 17 « 
insulin. 

i , „_ accumulation time of 0.28 were used. The 
S£5 S Sr^S- to the extern! refers standard 
VOClj(-490ppm). 

RESULTS 

^t'S "4St2SSSir 10-20 nun with 
iments. rat adipocytes w vanadate (10-30 fxM), 

"J^SSl S I or al scholar combination of 
S ( CSpadty ^vate UpogXs ^ve to insula 
them, in* capaui-j in Kg 1, the combination was 

was then deternuned ' 10 ^ vanada te or 

KL aiSefiS of vanadate. l-G1u(y)HXM, and 
blocked the activating enec^ ooiumrw). Thus 

even t detai j ^ connection with Fig. 6. 

^ZT^eZ in rat adipocytes was equated at a 
fl£ tor conStration of vanadate (5 ^ with nvrreasxng 
!«ri«tt of L-GluWHXM. Lipogenesia was negligible at 5 
concentratwr^ofL Giulr^a £ ofmaxinia i insulin 

V* vanadate or L - Glu ^ J ™ o 3% when they were given in 
effect) but is ^^S^of i:i). At 2:1 and 3:1 
S^vldi X stoicSmetry, lipogenesis ; 
SSSSi and 57*. respectively, of maximal response. Thus 




N*VO3«0nM) + + 

L-GIu(Y)HXM(40mM) - + + 

FIG 3. Potentiation of hexoee uptake by 1 ^2 ) ™*™^ iu ~ 
(2 x 10 6 cellatol) suspended in KHBH buffer containing 
f% ^w^S^.^t^pr^and absence of insulin (17 «m>, 

SS3sWAIl«f W ul) were 

containing Jfcl « *^«i?3^TS5S 

{0 1 mM) was added after 3 min for transport termmation.lTiiswastouowea 
by centrifugation of aliquots through a sfficone layer. 

a substantial synergistic effect is obtained at a 1:1 molar ratio 
and is increased further at a 2:1 molar stoichiometry and even 
higher, though much less pronounced, at a 3:1 molar ratio 

L-Glu(y)HXM Potentiates Vanadate-evoked Glucose Up- 
take—Fie 3 shows activation of 2-deoxyglucose uptake by low 
concentrations of vanadate (20 mm). l-G1u( 7 )HXM (40 u«). and 
by the 2:1 molar combination, of them. 2-Deoxyglucose under- 
goes insulin- or vanadate-evoked influx into the cell via the 
lame transporters as glucose and is phosphorylated i* »ta to 
2-deoxyglucose 6-phosphate with no further metabolism (42, 
43) Therefore, this measurement reflects an effect on glucose 
entry into the cell in a manner largely independent of the 
metabolism of the endogenous saccharide. Vanadate (20 mm) 
and l-G1u(t)HXM (40 um) affected 2-deoxyglucose uptake of 
7 ± 0 7 and 31 * 4% of maximal insulin effect, respectively. 
Together they caused 2-deoxyglucose uptake 117 ± 9% of max- 
imal insulin response (Fig. 3). , x 

L-Glu(y)HXM Alone and L.Glu(y)HXM-Vanadate Lead to 
Translocation of GLUT4 from LDM to PM Fractmis 
Adtpocvtes-Incubation of rat adipocytes with ^Glu{ r )HXM 
and L-Glu(7)HXM-vanadate led to a decrease inthecontent of 
GLUT4 in the LDM fraction and an increase in the PM fraction 
fFie 4) The decrease in GLUT4 content in the low density 
hjSprotein fraction amounted to 32 * 3. 3 i 1, and 68 ± 6% of 
maximal insulin response upon incubating the celWth 
l-G1u(t)HXM (40 tm), vanadate (20 not shown), and the 
combination, respectively (calculated from Fig. 4) Voter am- 
ilar experimental conditions, L-Glu( 7 )HXM, vanadate, and the 
combination activated 2-deoxyglucose uptake to an extent of 
31 ±4 7 ±07 and 117 £9% of marimaliiisulin response (Fig. 
3) sueeesting'a contributing effect of the complex to glucose 
influx in addition to its effect in recruiting GLUT4 transporters 
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. * 0 f GLUT4 from LDM to PM fraction in rat 

„, . , tlYM ..one or complexed with vanadate induces °' f insulin (17 qm) and the indicated concentrations 

F, °l.^ Syt^ wer« incubatSi for 30 min at 37 "C in ^^ 0 ^^Tm by d^tial ultracentrift^tion and 

adi ^ > , C fS^ „ iSSxM-vanadate. Cells were ^^^J^^^^!^^. bnuoMitta GLUT* proteins were vitalized by 

phosphoiinaging WP f 0 ™"' 

to normal for the next S days (Fig. 5). 

Actuxrfw* ofLipdgenesis in Rat Adipocyte* by [.GMyWMm 
the Absence of Exogenous Vanadium- ^glutamic aad(?)HXM. 
also activated lipogenesis in the absence of added vanadium, and 
this effect was studied in detail (Fig. 6). Hie dose-response curve 
(Fig 6A) indicates that activation is already evident at 5 jam 
l-G1u(t)HXM and that higher concentrations reach a level of 40 ± 
7% of maxima] insulin response (median effective dose - 35± 4 
om) Other amino acid hydroxamates such as L-Tyrfa)HXM, 
GlvtoiHXM, and L-fle(a)HXM also activated Hpogenesis, but they 
were considerably less potent (ED M = 250 ± 30 ^ 40 ± 55b of 
maximal insulin effect). L-Aspartic acid p-monohydroxamate 
showed higher Kpogenic activity compared with the 
hydroxamates and was slightly less potent than ^Wr HXM 
Jed = 45 ^ 7 («. Kg. 6B). N-acetyi-L-Glu(7)HXM and 
L-Glu(y)HXM-«-methyl ester were virtually ineffective, indicating 
the need for a free a-amino and, to a somewhat lesser extent, a free 



marized in Fig. 5 " ^^^0.05 mmol/kg body weight), 
^™ 1 mmXtSy -igbt), or a combination of 
L -Glu(y)HXM (0 ; l r T^ afte ; ^ induction of diabetes. As 

*? ^nTeT^ vaSaTand z,Glu(y)HXM. at these con- 
sho^mthe n^,vanaoa ^ ^ ^ 

centratxons, hada rather these hyperglycemic 

circulating ™^^ wag highly efficient at normal- 

^ SffllSSUon and remained so following two 
^re SnSlSS- ^ glucose levels then rented dose 

. y E Gershonov, M. Armoni, E. Karnieli. M. 
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moietv for the activation of lipogenesis by ^Glu( 7 )HXM 
"^fSSS 6C). Stereospecificity appears cruaal as 
w^bS^ of Glu( T ,HXM was ineftctive. All these 
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F.C.5- Effect -■■<<*2™K2^^ 
Wood gluco* ^C^ating glucose levels 310- 

«*. 8 l a rrt^ r ^ dS ^aral grou^ At the time poiata 
340 mg/deltoo), we ™ " Hntraoeritoneal, at 11:00 turn.), groups of dia- 



indicated Dy uw va nndate 0 — . - 

betic rat-^f^flm^ bXweight □), ^GluCtfHXM (0.1 tnnioUkg) 
UHu(7)lKM iSS3M^S««- Circulating glucose levels 
and vanadate mmo^|,^. Each point in the figure repre- 
were determuied daily (at o.uuiu - ^ fe-Brats. The dashed line 

■Wistar rats 



findings indicate that activation of lipogenesis by i^Giu(->0HXM 
depends on a specific entry of this L-amino add analog into the 
adipose cell. Further investigation has led us to suggest that 
L-Glu(y)HXM enters the adipose cell primarily through the non- 
Na* -dependent gluteimine transport system. 3 

Several organic chelators, which potentiate the insulinomi- 
metic activity of vanadium either in vitro or in vivo, have been 
documented. These include acetylacetonate (29), maltol (30, 
31), picolinate (32, 33), and KL-252 {28>. In Fig. 6D, we have 
examined whether they are capable of activating lipogenesis in 
the absence of exogenous vanadium. Unlike l-G1u(-y)HXM, 
none of these agents were able to activate lipogenesis in the rat 
adipose cell at concentrations of 100 W (Fig. 6D) or lower (not 

Extensive Potentiation of L-Glu(y)HXM-evoked Lipogenesis in 
Rat Adipocytes in Vitro Following Enrichment with Vanadium 
in Vivo— The findings presented in Figs. 1-4 have taught us 
that L-Glu(-y)HXM potentiates the insulinomimetic potency of 
vanadium and that activation of lipogenesis by L-Glu(-y)HXM 
alone never exceeds 40 ± 7% of maximal insulin effect (Fig. 6). 
To examine whether L-Ghi< 7 )HXM-evoked lipogenesis can be 
affected by the level of intracellular vanadium, a group of male 
Wistar rats received daily subcutaneous administrations of 
vanadate (0. 1 mmol/kg/day) over a period of 5 days to raise the 
level of endogenous vanadium. Rats were then sacrificed 7 h 
after the last administration. Adipocytes were prepared, and 
the effect of L-Glu(y)HXM on lipogenesis was compared with 
that in nontreated freshly prepared adipocytes. As shown in 
Fig 7 vanadium-enriched adipocytes became dramatically 
sensitive to L-Glu( T )HXM-evoked lipogenesis. This was valid 
both in terms of a leftward shift in the dose-response curve to 
L-Glu(f)HXM (ED M = 6.4 ± 0.3 m versus ED M = 35 ± 4 fiM in 
control adipocytes) and in terms of the degree of lipogenesis 
(145 * 15 versus 40 £ 7% of maximal insulin response, i.e. Fig. 
6). AtlO fiM, L-Glu(y)HXM already stimulated lipogenesis and 
amounted to 120% of maximal insulin effect in the vanadium- 
enriched adipose cells (as opposed to only 8.0 ± 1.5% in control 
adipocytes) (Fig. 7). 




Concentration (uM) 

Activation of lipogenesis * ^.«*>H™ 
Kvdr^tto and ineffectiveness of the j^mer andof_ ^ ^ ^th the indicated concentrations of the various 
^Kw^ » b f eT - PH , 7 - 4 ' nj "ariuc^C^nc^tration 0.16 nw), and lipogenesis was performed for 2 h at 

"00%) is that obtained in the presence of 17 hm 

37 *C. Radioactivity incorporawu mm 
insulin. 
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■.,.„ „f vanadium(V), vanadium(IV), and 

FIC . 8. «V .ail pH 7.1); B. "V NMR 

NMEspectrnmofsodi^etovan^ ^ ^ ^^HXM (20 " 

ir^^ ar^t^adlon of l-G,u(,)HXM to VOC1, 

. a*u/lip<*— Previously we found in cell-free ex- 
S ^Zt vacSSSTat neutral pH values, undergoes 

fT r^n«^ rXed glutathione, an ineffec- 
larly m ,^j^^u u m{V), at neutral pH values with at. 
tual reductant of ^ results summ arized in Pig. 

Va f °* ^£ wS£££ of vanadium dichloride(IV) at pH 
8 s how the ^ JXtoadditoi of vGlu( T )HXM- Vanadium 
J^ESvTapSSed as a single peak with a chemical shift 
dichlondeCiVJ appe indicating one main species 

^K5£U addition of L-Glu(y)HXM d 




MP 



equivalent), the chemical shift of vanadium(IV) at -490 ppm 
disappeared within minutes and the principal chemical shift 
characterizing vanadiumCV) at -530 ppm appeared (Fig. 8). 

Vanadium(IV) (Le. vanadyl sulphate or VOCl 2 ) has a char- 
acteristic "blue" absorbance with ^ = 14 ± ^. whereas 
vanadiumCV) does not absorb at all at this wavelength (29). The 
SSSTtfW equivalents of t-GhiWHXM to VOOrflV) (50 
mM at P H 7.5) led rapidly to a near total decrease m vanadi- 
um(IV) absorbance at 765 nm (Fig. 9). Fig. 8fl depicts complex 
formation as a function of the pH in the range of pH ^-9. 
Decrease is minimal at P H 4.0. quite significant at pH 5.0. 
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^-maximal at pH 5.7, and reaches a stable plateau at pH 
range 7-9 (Fig- 

DISCUSSION 
. +D „ tlv observed that chelated vanadium 
It has been ^^nt SXe free metaloxide in facili- 
compounds are more potent ™an demonstrated 

33, 44) B ^^ f s ^rf va ^diumappUed,andthedifferent 

"JJJSS to bS for the higher insulinomimetic 
admin^onmode^ tobas ^ apecuiative . 

^^r^ top c bl Mediate therapeutic relevance we 
fT^oXr^dSn chelators characterized by: (a) higher 
looked for new «n^» previously documented for vana- 

tn vivo, Co) low ™« ^ cmplexation with vanadium, 
in aqueous neutral med^^ P^ ofglutamic 

In this study, we nave "^"^-^ny fuU Uled the above 

OT V SI and recruitment of GLUT4 transporters from 

LDM to PM ^^i^ blood glucose levels in streptozo- 
oTS StS ^ analog has negligible toxicity 
rats (Fig- a ^tnL-Glu(7)HXM alone and its complexes with 
* m !T^»WywKe in aqueous media at neutral P H 
vanadium ^J^^^ was that L-Glu(y)HXM alone in 
values An imp<n^nt^namg showed a reasonable 

the absence of activity in tot it activated glucose 

amount of f^^^fm fa the rat adipose cell (Figs, 
uptake and e 1 ^ 56 ..^^^ this activating effect 

*L m ***£l ^NonS«i -amino and a-carboryl moieties 
^ rriS W intrinsic activity is exclusive to 
S being shared by any of the other vanadium 
L -Glu(7)rlAivi not w=u« actions of vanadium in vivo or in 
chek XTri an?^" 3 '- 0- -sumption that 
° rT SxM Permeates into the cell interior and transforms 
^° . U i 7 S"Ecellular vanadium pool into an insulinomi- 
2£3£-t3li gains credence from to dramatic sen- 



situation of vanadium-enriched adipocytes to L-Glu( 7 )HXM- 
evoked lipogenesis (Fig. 7). ^ ' „ . 

It should be mentioned at this point that because of the 
extreme complexity of aqueous vanadium chemistry (reviewed 
in Refe 46-49), the intracellular milieu of the mammalian cell 
is still "a black box" with respect to the state and the form of 
entered vanadium. With the endogenously present vanadium 
pool , experiments have shown that it exists mostly asjana^ 
umciv), tough some researchers may wonder even about this 
exDerime ntal finding because vanadium in its IV oxidation 
^ToXstabkTt acidic pH values CpH < 3.0) and readily 
oxidizes to vanadiumCV) at neutral pH even in the presence of 
high glutathione concentrations (28, 46) The mtraceUular va- 
na&um pool, however, can be preserved in its IV oxutetion 
form at neutral pH values if it is chelated by ascorbic acid (not 
ZL) or to endogenous proteins (50. 51). At to low physio- 
logical level of intracellular vanadium, to cell should have the 
caoacity to chelate all the endogenous vanadium. 

C^^erimental findings that -Glu(,)HXM alone en- 
hances glucose uptake and glucose metabolism (Fxgs. l and^ 
together with the apparent rapid conversion of v^diumOV) 
to vanadiumCV) upon complication (Figs. 8 and 9) atrongly 
support the contention that vanadiumCV) rather than vanadi- 
um(IV), and in a chelated form, is the active insuhnomnnetac 
species that facilitates to activation of glucose uptake and its 
nSbolism in rat adipocytes. Although most of our previous 
cell-free experiments support this conclusion, wewere notfuUy 
convinced prior to to completion of this study. "This is because 
protein phosphotyrosine phosphatases (with P;*trophe- 
SSosphate as a substrate) are inhibited by bott > vanadi- 
umCIV) and vanadium(V), free or chelated, at nearly the same 
concentrations (see Kef. 52). On to other hand, appose non- 
receptor protein-tyrosine kinases, whether cytosohc or mem- 
branal, are with one exception activated by vanadiumCV) but 
not at all by vanadium(IV) (22, 23). We have only observed 
vanadium(IV)-evoked activation of nonreceptor protein-tyro- 
sine kinases when membranal protein phosphotyrosme phos- 
pTtases were extracted with Triton X-100 and added to the 
gtosohc protein-tyrosine kinase fraction (29). These experi- 
aJTal conditions, however, are not likely to occur m the intact 
cell system. For example, broken plasma membrane fragments 
(or deoxycholate-treated membranal fragments) did not sup- 
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ence of vanadl ^™^HXM appears superior to previously 
In summary, ^"J^*, of va nadium in potentiating its 
documented orgamc cue ^ metaboUsm invit ro 

activation of glucose earlier studies , this may be 

and in utvo. laMI \™° of the following: (a) increased effi- 
attributed to one °T ^^LJination to permeate into cells or 
ciency of this specific comW I«™ ^ 

tissues; (6) »5 e ^£STa fl aaU neutral environment 
topography of th^mple^ ^^^^ ^ ^ 

(Bef. 50); 8 ancVor ^) ^ pinaUy, we nave recently ob- 
L .Glu(TlHXM-vanadxum ^mple^^ phosphatase m 

served that vanadate doe|noX 2 ^ effect ofArana . 

the presence of rf ^ ^ it may 

date (53) is wdgB ^ i Sty in mammals, but not to the 
contribute to ^^""^est the metabolic actions ofinsu- 
efficacy of vadium to man* ^ ^ ^ ^ diaheUitoBi _ 

£ ^TraS^ are being further investigated. 

w . tuank Etana Friedman for typing the manu- 
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Evidence That Glucose Metabolism Regulates Leptin 
Secretion from Cultured Rat Adipocytes* 
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ABSTRACT ted from adipocytes is correlated with fat 

C ^^J™^X^n^tration^liumans and rodents. 
111888 ^ ^ CuulCd glucose decrease during fasting and m- 
Plasma ^P^.^^ the underlying mechanisms regu- 

crease after """^JS^SUm are not known. To investigate 
lating the ^^°"^ 8 Ss e metabolism in the regulation of 
^^X^^aSd to effects of insulin and inhibitors of 
Xeptin secretio^weexanm^ secretion from rat adi- 

glucose ^?° rt ^^^S m (0.16-16 nM) increased leptin 
SrS^r.Se increase in leptin was more closely 
secretion over 96 \™*e™^^ up by the adipocytes (r = 0.64; 
related to the amomt rfg^^t^n^y = Q 2Q . p < 

a^t frS^eTansport Zttr metabolism in 
regulating ^"^^v a competitive inhibitor of glucose trans- 
port and phosphorvlatoon, muw» pl . ese nce of 1.6 nM insulin. 
^S^S^S^^R^ concentrations of 



THP ADIPOCYTE hormone, leptin is implicated in the 
re<£uation of food intake, energy expenditure, and 
, yf^r** m Circulating leptin decreases after fasting 
^^SSuta^SS,Sm M and rodentS (5 -?' 
M ? KST?SS« of hours after refeeding (3, 6) In 
f ? a^ocnirnal rise of plasma leptin (8), which 

iaShypot^ 

has oe ^^ u me als. Consistent with this hypoth- 
STJSSSSKi exp^ion of the o> gene in rodents 
^ilTanTin Spocytesin vitro (12, 13) after a number of 
1 I iThumans Plasma insulin and leptin concentrations 
Sa£ uTpSlX weight loss, independently of 
u «^nf adioositv (14). Furthermore, plasma lepun is neg- 
SvTcSrf S wiih Lsulin sensitivity independently of 
anyeiy w« .„ ^paired glucose tolerance (15). 

a SrSSSationLs not affect plasma 
JS^S^SSb in human subjects (16 17) but m- 
Si circulating lepun have been reported after 4-6 h 
3 SS^u^dmUtration (18, 19). These studies by 

ReceiVed ^Al^dence and requests for reprints to: Peter J. 

^ v ? L ?Y^g«16TSpihavel©ucdavis.edu. 

Davis, California ^ Grants DK-50129, DK-18899, 

betes Foundation. 



riucose Two other inhibitors of glucose transport, phloretin (0.05- 
0 25 mM) and cytochalasin-B (0.5-50 ^M). also inhibited leptin secre- 
tion. Inhibition of leptin secretion by these agents was proportional 
to the inhibition of glucose uptake (r = 0.60 to 0.86; all P < 0.01). Two 
inhibitors of glycolysis, iodoacetate (0.005-1.0 mM) and^um flu- 
oride (0.1-5 mM), produced con<«ntration-der*ndentmhibitaonoflep- 
tin secretion in the presence of 1.6 nM insulin. In addition, both 2-DG 
and sodium fluoride markedly decreased the leptin (06) messenger 
RNA content of cultured adipocytes, but did not affect 18S nbosomal 

RNA content. , ... . . 

We conclude that glucose transport and metabolism are important 
factors in the regulation of leptin expression and secretion and that 
the effect of insulin to increase adipocyte glucose utilization is utely 
to contribute to insulin-stimulated leptin secretion. Thus, wi vivo, 
decreased adipose glucose metabolism may be one mechanism by 
which fasting decreases circulating leptin, whereas increased adipose 
glucose metabolism would increase leptin after refeeding. {Endocri- 
nology 139: 551-558, 1998) 



necessity require the infusion of large amounts of glucose to 
prevent hypoglycemia. Similarly, prolonged hyperglycemia 
in response to extended glucose infusions increases plasma 
leptin after several hours in nonhuman primates (20) and 
human subjects (21); however, glucose adirdnistration also 
markedly increases endogenous insulin levels. Therefore, the 
role of insulin per se on the adipocyte vs. the effect of insulin 
to increase glucose flux into adipocytes was not addressed by 
these experiments. 

Several lines of evidence have led us to hypothesize that 
glucose is an important regulator of leptin expression and 
secretion. First, increases in ob messenger RNA (mRNA) after 
glucose adrninistration in mice are more closely related to 
plasma glucose concentrations than to plasma insulin con- 
centrations (22). Second, infusion of small amounts of glu- 
cose to prevent the decline of glycemia during fasting in 
humans also prevents the decrease in plasma leptin (2). 
Third, the decrease in plasma leptin during marked caloric 
restriction in humans is better correlated with the decrease 
in plasma glucose than with changes in insulinemia (4). 
Fourth, we have found that low plasma leptin levels in strep- 
tozotocin diabetic rats are acutely increased by insulin ad- 
ministration in proportion to the degree of glucose lowering 
(23). Lastly, lowering plasma glucose concentrations in hy- 
perglycemic insulin-dependent diabetic human subjects by 
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i^sing insulin at rates 1 that produced physiological insu- 

To f ^g^V^adapted and modified an in tntro 
^iTfX^andipo^es in which the adipocytes 
S ^ inrS ST deried rehire of extracellular matrix 
^ t^, Matrigel, appears to simulate 

componente^T^sma attactSnent of cells and may 
n n a ^r^elTLSrStions between adipocytes. Cells cul- 
aUow cell to oe "^^ erefore , in an environment closer 
m tSrS SSSS«fltai than in systems where 
^^^^rreTfloatSg in the culture medium. Adipo- 
adipocytes are ^' 1o ^ shown to maintain 

cytes ^^i^SSd characteristics and, in contrast 

^ ^6^ofculmre(25,26).Withthi S5 y S temwehave 
ah ° n SSe^ mfreSation of leptin secretion by glucose and 
mVe f- S W fee elects of inhibitors of adipocyte glucose 
msulm and the^i^ secretion. The leptin (<*) 

^Cnte^oT^ocySs after culture with insulin 
and inhibitors was also examined. 

Materials and Methods 

Materials , .,-_> 

^^^^^^^^^ 
Island, NY) ^^ e ^^3n7stteplomycm (5000 U/ml/5000 

nonessential ^^^^^^^l from Life Technologies) per 500 

ug/ml), ^tT^^ilVH^ES^ollagenase {Clostridium histdytiam; 

mlDMEM KA ^*« V c^fCMO; SA, 456 U/mg), insulin, 

tyPf a ^STSSk <NaFl), phloretin, iodoacetate, and fructose 
glucose, so^flucmde^ ^ ^ matrix was pU r- 

chased from ^™Jf j; Biochemical Corp, (Cleveland, OH). 
(2-DG) was obtained urcha ^ e d from Ksher Sci- 

SbSXpa^ 22 ^ Te *° (Kan " 

sas Oty, MO). 
Animate 

w . Cm „ 1 _. nw lev ^ were obtained from Charles River (Wilm- 
^^^^ were housed in hanging wire cages in temper- 

Cell isolation/preparation 

isolated by coUage^ di^hon *<£™£* ^ fat ds were 

(27) with ^°^^SX?err^ESbuffer (pH 7.4; containing 5 
min0ed bS^TS^ Naa 2.2 mM CaCl^O, USwm 

„« roT2.17mM Na,HP0 4 , and 10 HEPES). 

MgSO,-7H 2 0, °£ "^S^ted in mesame buffer in the pres- 
Adip °f^ U n SC^TSn^ml buffer* tissue) at 37 C with 
^XuLTm ^/n^^ min. The resulting ceU suspension 
gentlesr^gateocyaes^^ hoS phate buffer. Isolated adipocytes 
was diluted * ^^j^S&ssul by filtration through a 400-um 
were separated ^^g^S r wLrdn &C ^werlcentrifuged 
nylon mesh and washed ftree^ * discarded, and the 

at 500 rpm for 5 ^ B^deS KSStager HEPES buffer, with the 



with 1% or 5% FBS. The isolated adipocytes were then incubated for 30 
min at 37 C before being plated in Matrigel-coated culture plates. 

Adipocyte culture 

Matrigel was thawed on ice to a liquid and uniformly applied to the 
surface of the culture dish (300 ul Matrigel/35-nun well). After the 
incubation, 150 ul of the adipocyte suspension (2:1 ratio of packed cells 
to medium) were plated on the liquid matrix. The warmth of the cells 
and buffer caused the Matrigel to gel around me adipocytes, effectively 
anchoring them to the culture dish. After a 30-min incubation at 37 C, 
2 ml warm culture medium supplemented with FBS were added. The 
cells were maintained in an incubator at 37 C in 6% CO2 tor 96 h. 

The initial medium concentration of glucose for the cultures con- 
ducted in the insulin dose-response experiment was 10.0-103 mM (180- 
190 me/dl) to ensure that the cells would not deplete the glucose supply 
during the %-h incubation when higher concentrations of insulin were 
used Only 1% FBS was used in the insulin dose-response study to 
minimize the small amount of insulin present in the serum, which at 1% 
was less than 0.1 uU/ml. In the fructose study, medium made with 
glucose-free DMEM and 1% fetal serum was used to minimize the 
Imount of glucose available to the adipocytes (<0.1 mmol/Uter). How- 
ever it was not possible to eliminate all glucose from culture preparation 
because the Matrigel matrix itself contains -42 rnmol/ttter glucose. For 
the fructose experiment, the Matrigel was diluted 1:2 with glucose-free 
medium to approximately 13 mmol/Uter glucose. ^ _ „ 

In the other experiments with inhibitors of glucose transport, 2-LKj 
f 281 phloretin (29), and cytochalasin B (30), or with inhibitors of gly- 
colysis, iodoacetate (31), and NaFl (32), the mmal medium glucose 
concentration was (5.0-53 dim; 90-100 mg/dl) with 5% fetal serum. 
These agents were used at concentrations at or below those typically 
employed to inhibit glucose transport or glycolysis madipo<^<28- 
32) Cytochalasin B was initially dissolved methanol and diluted to 03% 
ethanol in the well with the highest dose. Therefore, the medium in all 
wells in the cytochalasin B experiment was equalized to 03% ethanol. 
Aliquots of adipocytes from each animal were divided mto wells with 
the responses to insulin, the various inhibitors, or fructose being com- 
pared with those of an appropriate control well containing adipocytes 
from the same animal. In a preliminary insulin dose-response study, we 
found that medium leptin concentrations in the presence of insulin were 
not increased over those in control medium (no insulin) until after 24 h 
of incubation. Therefore, for the remainder of the studies, 300-ul samples 
(15% of the medium volume) were collected at 24, 48, 72, and 96 h and 
replaced with 300 ul fresh medium containing the appropriate concen- 
trations of glucose, insulin, and /or inhibitors. Cultures were observed 
dailv with aphase contrast microscope. After 96 h, a subset of the culture 
plates was frozen until analyzed for leptin (<*) mRNA content by 
Northern blot 

Assays 

Leptin concentrations in the medium were determined with a sen- 
sitive and specific R1A for mouse leptin as previously described (7) 
(Unco Research, St. Charles, MO). Leptin concentrations in medium 
from cultured rat adipocytes measured with this assay are very similar 
to those obtained with a newly developed assay specific for rat leptin. 
With the rat-specific assay, measured leptin concentrations in culture 
medium were 86 ± 3% of the mouse values and were highly correlated 
between the two assays (r - 0.97; P < 0.0001; unpublished data). There- 
fore measurements of rat leptin made with the mouse assay provide a 
reliable measurement of leptin concentrations. The intra- and interassay 
coefficients of variation for this assay are 4.0% and 11.2%, respectively 
(7) The antibody used in the assay does not cross-react with insulin, 
proinsulin, glucagon, pancreatic polypeptide or somatostatin- Gluc^e 
and lactate were measured with a YSI glucose analyzer (model 2300, 
Yellow Springs Instruments, Yellow Springs, OH). 

Northern blot procedure 

The following procedures were performed on culture plates incu- 
bated with 5 mM glucose and 5% fetal serum alone (control), 1.6 iim 
SSTand 1 .6 nw insulin with 10 mg/dl 2-DG or 1 mM NaFl for48 and 
96 h. Northern blot analysis was performed as previously described (33). 
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■ i m 1 RNAzol B (Tel-Test, Friendswood, TX) was added directly 

InbnetlmlRN^ 0 '^ adloocvtes and matrix. The solution was 
rfVE^ra^ffito the pipette to maxunia* disso- 
repetxtivdy takenm ^ d f^ absorballce a{J integrity gels were used 
lutionof^ad^t^sue. uva^ ^ ^ o f RNA m each weJ l, 

to hamate ^J^^T^g aVingle-stranded complementary 
^ tlffiy^Sn of bands on a phosphoimager as 
DT if P^ST^eblotsTere reanalyzed using a probe complemen- 
well as from film, T lje ^ 0n mRNA was then normalized 

tary to mouse 18S ^^^^^^ accord ing to the absolute signaL 

^eSv^^on, did not influence the 18S ribosomal s^naL 

Calculations and data, analysis 

„ . w „f „i lirose W as assessed by measuring the concentration 
The uptake ^ Sj"?^^* we ll before and after 96 h of incubation 

of glucose m the ^'^^ „ ver % h. To examine the relationship 

and ^^ tm 8^ c ^ n 3 ^ a ^d leptin secretion in response to in- 
between adipwyte carbOT nux^« p rf 
creased ireuun-mediatedglucoMup^e, over 96 h was 

- la f^^ XcCelAS^ wJre A the change, and ex- 
calculated as j^ctetej/^ for leptm concen- 

pressedasape^^^^^^^^^^^^^ 

"^£2 ^^Tf twTg^ups were compared by paired t test. The 
me thod The m^^f two gro ^ ^ T amine 

T"^ HS^tw^hVmedium concentrations of insulin ot m- 
the reUbor^r^stetween^m take n up by the adipocytes, 

Hbitors enpteyf' m uWple linear regression analyses were 

^P^^^S^rr^aTe package (tot^ew for Macintosh, 

CrSr^s, ££S5WS«. £e expressed as the mean ± 

SBM. 

Results 

Jtesponaes to insulin (0.16-16.0 nu) 

The effects of insulin on leptin secretion, and therelahon- 
Jobetvw»i glucose uptake by adipocytes cultured with 
dSeTcScltrations of insulin and lepto secretion were 
S5Sd. Insulin produced a concenteatoon-dependent uv 
S^etacoseupWby the cultured adipocytes^ = 0.61; 
?5 0 0002 w. insulin concentration), as assessed by the 
deSeSg^cose in the medium (Fig. 1A). With no added 
decrease _m S glucose concentration decreased from 

^ot^iTstnol/Uter (A, -1.9 ± 03 mmol/liter; 
I i n 0001? Tne addition of 0.16, 1.6, and 16.0 nM msuun 
^as^iucol uptake (Aglucose, -2.7 ± 0^4, -33 ± 0.3, 
I 0.4 mmol/liter, respectively; all P < 0.01 ml no 
. r \ , nB1 iin also produced a concentration-dependent 
S££ SSate^oSISon (r = 0.70; P < 0.0001) which 
wS w^Uorrelatiwith the decrease in glucose in the me- 
^ ™Jr5ih (r = 0. 61; P < 0.0002), suggesting that a 

nSlizedonly as far as lactate and released from the cells 

^X m sSron wafmcreased over the control value by 
aberrations of insulin (Fig. ^P~**£ 
of lactate was not related to the l ^^^^Z^f' P ' 
0 59)The area under the leptin concentration curve (AUC) 
to 0-U h was independently related to *e d«e~ m 
Sucose in the medium during the mcubahon Fig 1C) but 
XTthe insulin concentration (Table 1). Similarly with a 
multipte regression model, the AUC for leptm was related to 
SedeciaSn glucose, but not to the insulin concentration. 
£ aSnXVcentage of carbon released as lactateper 
^ount of carbontaken up as glucose was calculated. Over- 
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FiG 1 A, Glucose concentrations in medium from 0-96 h from iso- 
lated rat adipocytes in primary culture with insulin concentrations 
from 0-16 nM (n = 8/treatment). B, Leptin concentrations from 0-»b 
n from isolated rat adipocytes in primary culture with irnuhn con- 
centrations from 0-16 nM (n - 8/treatment). C, Relationship between 
glucose uptake, as assessed by the decrease m glucose in the culture 
medium, and leptin secretion, expressed as the AUC from 0-96 n, 
during incubation of adipocytes with 0-16 nM insulin (n = 32). 
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i t.to fAn„r-t Wtin secretion (ALept) and the concentration of insulin or inhibitors of glucose 

Ralationship between glu^upt^ (A^^ f^^^ plu8 ^ hiban m phloretin, cytochalasin-B, 



i / Ar ,„_i i m tin Hecretion (ALeot) and the concentration ot insulin or mnipimrB oi gi 

TABLE 1. ZS?JiiJZL plus inhibitors (2-DG, pbloretin, cytochalasin-B, 

r^Lte^rsS^fluoride at varying concentrations; see Materials and Method*) 



Insulin or inhibitor <n) 



Insulin (32) 
2-DG (38) 
Phloretin (38) 
Cytochalasin-B (19J 
lodoacetate (34) 
Sodium fluoride (28) 



Simple Regression 



ALept hi. AGluc 



0.64 
0.67 
0.86 
0.60 
0.83 
0.85 



0.0001 

0.0001 

0.0001 

0.01 

0.0001 

0.0001 



ALept us. [inhibitor] 



0.20 
0.51 
0.78 
0.58 
0.74 
0.60 



0.28 

0.001 

0.0001 

0.02 

0.0001 

0.001 



Multiple regression 



ALept ot. AGluc 
(P) 



ALept vs. (inbibitorl 
CP) 



0.0001 

0.001 

0.0012 

0.22 

0.0001 

0.0001 



0.09 
0.29 
0.75 
0.25 
0.17 
0.73 




o. 



48 

TIME (hr) 

„,„ „ Effecte rf inhibiting glucose transport and metabolism ^ 
secretion produced by 10 mg/dl 2-DG. 

all, in the insulin experiment between 10-68% of the amount 
^rbontoken up as glucose was released as lactate (mean, 
S C ft%) S was g no direct relationship between this 
parameter and the insulin concentration; however, it was 
? l!^ 0 roportional to the amount of leptin secreted, as 
"xp^d b7C o%6 h leptin AUC <r - 0.64; P < 0.0001). 
Bv mXle regression analysis, the relationship between 
converSon to lactate and leptin secretior, .was no 
fiSfieantly related to lactate production (P = 006), but 
fS^cretion was equally related to both the change in 
5££SE amount of glucose carbon released as lactate 

(both P < 0.001). 

Effects of2-DG (2-50 mg/dl). 

The effect of inhibiting glucose uptake and metabolism 
wi£h2-DG on leptin secretion and its relationship to adipo- 

f^Wseuptake were examined. 2-DG at a concentration 

mSJ/Sto) in the presence of 1.6 nM insulin (Aglucose, 
T^fK m^ol/lL) and inhibited the leptm response 
i a nr njofl h) bv 69 i 4% (P < 0.0001 ) compared with insulin 
( tn^?2A] TAfalower concentration of2-I)G(10mg/dl), 
3Sl5£te was still markedly inhibited (A, -0.1 ± 0.4 
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Si MSUIM 1JI nM <n-10) 

— -©. — MS ♦ PtUORETIM 0M mM («M» 
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Fig 3. Effects of inhibiting glucose transport with phloretm on leptin 
concentrations from 0-96 h in medium from isolated rat adipocytes 
in primary culture forthwith 1.6 nM insulin and the effect of adding 
glucose (55 mM) at 48 h on the inhibition of leptin secretion produced 
by 0.25 mM phloretin. 

mmol/Uter) and leptin secretion was inhibited by 47 ± 5% 
(P < 0.0001). The lowest concentration of 2-DG (2 mg/dl) 
produced less of an inhibition of glucose uptake (A, -1-5 ± 
0.9 mmol/liter; P < 0.01 us. insulin alone). At this concen- 
tration, the leptin response was not significantly inhibited 
until the 96 h point (P < 0.02 vs. insulin alone; Fig. 2A). 

Overall, the change in leptin at 96 h was related to the 
concentration of 2-DG and was well correlated with the de- 
crease in medium glucose flable 1). By multiple regression, 
the leptin concentration in the medium at 96 h was signifi- 
cantly correlated with the change in glucose, but not to the 
2-DG concentration {Table 1). The addition of glucose (55.5 
mM) at 48 h reversed the inhibition of leptin secretion pro- 
duced by 2-DG at 10 mg/dl by 96 h (P < 0.01 vs. 2-DG; NS 
vs. insulin alone; Fig. 2). 

Effects of phloretin (0.05-0.25 mu) 

The effect of inhibiting glucose uptake with phloretin on 
leptin secretion was examined. Phloretin at a concentration 
of 0 25 mM completely inhibited leptin secretion (Fig. 3). The 
0-96 h AUC for leptin was inhibited by 91 ± 2% of insulin 
alone (P < 0.0001). This higher concentration of phloretin 
(0.25 mM) also completely blocked glucose uptake in the 



Downloaded from endo.endojoumals.org on December 21, 



GLUCOSE METABOLISM AND LEPTIN SECRETION 



555 



presence of 1.6 nM insulin (Aglucose, 0.7 ± 0.1 
£ I^the lectin response was inversely related to the 
^ ^SSn of pWoretin and was highly correlated with 
:on^trahon of pwo ^ However, 

f C de ?T!rS£SS Ae tapUn response was correlated 
^ r^ SirS in Sicose, but not with the concentration 
T^^SSeadditionof 55.5 mM glucose at 48h 

(Rg- 3). 

Effects ofcytochalasin B . 

The effect of inhibiting glucose uptake with cytochalasin 
R ™ lepto secretion was examined. Cytochalasm B pro- 
1^ aOcSration^iependent inhibition of glucose up- 
^e andTepto secretion (Fig. 4). The leptin response was 
■■«£»nrW correlated with glucose uptake by simple re- 
stgruhcandy correia Significantly correlated with 

8 f^J2S (as ^served with tiie other inhibitors; Table 
3 SpHcates (n = 19) in this experiment. 

Effects of iodoacetate (0.005-1.0 mw> 

_ of inhibiting glycolysis with iodoacetate on lep- 

* ^Sn w^S Iodoacetate at 1.0, 0.1, and 0.01 
^SS; SSSteT glucose uptake (Aglucose, -0.1 ± 
5^02 and03 ±0.2 mmol/liter, respectively) and 
, J J~Hnn The 0-^96 h AUC for leptin was inhibited by 
^f^-^Cand -87 ± 3%, respectively, compared 
^57«™3'in alone- (all P < 0-0001). The lowest concentration 
r^Ste « 005 mM) produced less of an inhibition of 
of n^^Wfr™' ± o.8 mmol/liter) and less of 
1 U S^oh4^^ (-51.0 ± 16%) than insulin 
< 0 02; Rg. 5). By simple regression, the release of 
wal related to me Wentration of iodoacetate and 
P v,^Wv collated with the change in glucose in the 
^^^fTaSr?? However, by multiple regression, the 
SfiScSEit 96 h was ^ted to the *^ f«"* 
Eot to the concentration of iodoacetate (Table 1). 



I 3 



£ 2 



, KSUU* 1.« nM («-«) 

%I . MS ♦ CYTO-B 10 (n-0 
A.-W8«CyTO<MHW<n^| 




48 

TIME (hr) 



B MSULM 14 nM (n-9) 

6>— MS ♦ )0 DO 0JK5 mM (n4) 

- _B - - US + tO DO 0.01 mM (i**7l 
_ . fi, . - MS ♦ IODO 0.1 mM (n*T) 
.- NS « IOD0 1.0 mM <n-«) 



y/^,. ^ ' f 



0 24 48 72 96 

TIME (hr) 

Fig 5. Effects of inhibiting glycolysis witii iodoacetate on leptin con- 
centrations from 0-96 h in medium from isolated rat adipocytes in 
primary culture for 96 h with 1.6 nM insulin. 
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48 

TIME (hr) 

Fig 6 Effects of inhibiting glycolysis with NaFl on leptin concen- 
trations from 0-96 h in medium from isolated rat adipocytes in pri- 
mary culture for 96 h with 1.6 nM insulin. 

Effects of NaFl (0.1-5.0 mu) 

The effect of inhibiting glycolysis with NaFl was exam- 
ined. The two highest concentrations of NaFl (5.0 and 1.0 
mm) completely inhibited glucose uptake (Aglucose, 0.2 i 
0.1 and 0.0 ± 0.3 mmol/liter, respectively). The 0J mM con- 
centration of NaFl produced less of an inhibition of glucose 
uptake (A, -2.1 ± 0.6 mmol/liter), and the lowest concen- 
tration (0.1 mM) of NaH did not inhibit glucose uptake (Aglu- 
cose, -3.9 ± 0.5 mmol/liter) compared with the effect of 
insulin alone. The two highest concentrations of NaFl (5.0 
and 1.0 nut) markedly inhibited leptin secretion (-81 ± 6% 
vs. insulin alone; P < 0.0001). The next concentration of NaFl 
(0.5 mM) produced an intermediate inhibition of leptin se- 
cretion (-47 ± 15% of insulin alone; P < 0.05). The 0.1-otm 
concentration of NaFl did not inhibit leptin secretion (-4 ± 
15% vs. insulin alone; P — NS; Fig. 6). 

Overall, the decline in medium glucose was significantly 
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i Hrf with the concentration of NaH and highly corre- 
fSSSS % h leptin concentration (Table 1 ) . By muhip e 

Effects of insulin, 2-DG, and NaFl on leptin (6b) mRNA 

and 18S ribosomal RNA 

ThP effects of inhibiting glucose uptake and metabolism 
™% NaH on leptin gene expression and nbosomal 

W^^were examined. As shown in Fig. 7A, lephn ft*) 
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mRNA was detectable in adipocytes incubated for 48 h either 
with 1.6 nM insulin or without insulin (control). However, the 
leptin mRNA signal was reduced to near undetectable levels 
when adipocytes were incubated with 1.6 nM insulin and 
either 2-DG (10 mg/ml) or 1.0 mM NaFl (Fig. 7A). The effect 
of 2-DG and NaFl was specific, because in the same samples 
there was no effect of these concentrations of 2-DG or NaFl 
on 18S ribosomal RNA (Fig. 7B) or on nonspecific RNA bands 
(with a different mol wt than leptin mRNA) that could be 
detected on the Northern blots after long exposures (data not 
shown). Leptin mRNA was significantly reduced by 2-DG or 
NaFl regardless of whether the signal was normalized for 18S 
ribosomal signal (P - 0.0174). Qualitatively sinular eff ecte of 
2-DG or NaFl were observed in cultures incubated for 96 h 
(P = 0.0228; data not shown). 

Effects of fructose (5 mM) 

The addition of 5 mM fructose to medium of cultures in 
which the glucose concentration was minimized by diluting 
the Matrigel 1:2 arid using glucose-free DMEM with 1% 
serum augmented leptin secretion after 48 h. The initial re- 
sponse in the control wells was probably due to the residual 
iucose (-1.5 mmol/L) in the diluted Matrigel. However, 
both the integrated AUC from 0-96 h (P < 0.02) and the 
leptin concentration at 96 h (P < 0.01) were increased by 
fructose (Fig. 8). 

Discussion 

In the present study we found that addition of physio- 
logical concentrations of insulin stimulates leptin secretion 
from isolated rat adipocytes in primary culture. In this m vitro 
system we did not see an acute effect of insulin on leptin 
secretion. This is in agreement with previous reports that 
have demonstrated that the expression of oh gene and leptin 
protein release are not acutely regulated by insulin m vmo 
and in vitro (17, 36). The strong correlation between adipocyte 
glucose uptake measured by the decrease in glucose in the 
media during incubation with insulin and the amount of 
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~ * A Fffects of no insulin (control), 1.6 nM insulin, and 1.6 nM 
m r - ^ ?fS&2-DGor 1.0 mM NaFl on leptm foM mRNA after 
plus 10 mg^£^ Northern blots. The inset above each 
48hofincub a toon.asa^«i^ obtained for each condition. B, 
bar is repres^tetave oftoe sign* ^ lg ^ pltl8 

Effect* of conteol ( ^^^ o D l8S ribosomal RNA after 48 h of 

10 'H^SZi£Sti ffiU blots, i*"*?™ «" h ^ 
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Fig 8 Effect of fructose (5 mM) on leptin concentrations from 0-96 
h in' medium from isolated rat adipocytes in primary culture with a 
low (-1 5 mmol/hter) initial glucose concentration to = 6/treatment). 
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.ntinsecreted from isolated adiposes isconsistentw^ 
.ptinsecreiea g i uCO se metabolism is a detenru- 

iyp0ti m^ st£5on £ addition, the absolute insulin 
*nt of leptin ^*° n elated to the leptin response, inde- 

Dn fHS2 of Sin to increase glucose uptake, 
^dentlyof ttteefferto^ with ^dg, phloretin, or 

M °?f « B ft contentions at or below those typically 
^tochalasin B ^ co^cenff d dose _ de pendent de- 

JBed * tKnCSto W F«»« of ^ physiolog- 
36336 m ^nS^ulin-Thecompenuveinrubitionpro- 
^^^^Sm^A by the addition of a high 
duced by 2-DG couW >>e re / 2 -DG did not in- 

concentration of glucose^ *«Sg^^ toxic ^ on me 
«* ^ SSSrf rttaXBS by phloretin was not 
3diP 2dtv duXS Tphloretin is not a competitive inhib- 
reversed by glucose,^ inhibition of 

itor ^d, th^efore^roduc^ overcome by high g i u - 
glucose transport *at^ prov ide evidence 

cose concentrations- T^e«P ^ secretion 

iologioal ta^?°™to^S either iodoacetate or NaFl at 
Inhibition of i g»y«*J» w produced concentration- 

deP f ^JtSfSSSli ff inhibited, glycolytic intermedi- 
insulm. ^ a secondary impairment of glu- 

ates accumulate J«J*g^ blockade of glucose uptake, 

T°- UP Sbiton^luSSetabolism by either glycolytic 
during ^ihon otgmc taken over 96 h of in- 

inhibitor, the ^^°'^ ted with the amount of leptin 
ni^LeSce of insulin. These results suggest 
SeCre f 1 S££^5S secretion by insulin is unlikely 
that the ^"^^S of insulin per se, but is secondary 
S &5£ ilSSSf *nute guTcose uptake and me- 
tabolism m adipocytes. ^ fr rt ^ 
We also found that mm ^ NaF1 markedly 
metabohsm ^J^iSLS- assessed by Northern 

b ^ ^f^A S* ^unaffected by either 2-DG or 
"^f JSn* that the decrease in leptin gene expression 

NaFl, f^B^^^ific overall effect of these inhibitors 
wasnot dueto^nspeatic ^ 

to impair a *P^J^!Se ased lipoprotein UpasefLPL) 
^^•^T IS wTth the various inhibitors (data 
from a *P^ S ^S LPL was modestly decreased by 
n0t F^^ ^Xof insulin-stimulated levels), the 
* e ^Sofleptos^onwassignmcantiygreatertSO- 
suppression of leptm^ecreu rf b]oc lucose 

up tJeandmeta^on P ^ ^ 

P f F Sb 55* lepti/expression and secretion are 
of the blocKers iu « H „_f et i on 0 f adipocyte energy stores, 
^ ^generTenergy <W) by 

^K°^it^^o^ 1 ^oxidation (37, 38). 
oxidizing , fatty ; aads « physiological role for 

Taken togeth«,th^a« ^ ^ ion ^ secretion 

by adipcx^Acwrcur^ / , ucose conce ntrations are 
S^T^SSSSS are elected, leptin secretion de- 



clines secondary to decreased glucose transport into adipose 
tissue. Upon refeeding, increases in circulating insulin and 
glucose and the resulting increases in adipose glucose uptake 
and metabolism stimulate leptin secretion and restores cir- 
culating leptin concentrations to prefasting levels. This 
model, therefore, can explain the effects of fasting and refeed- 
ing on circulating leptin in humans (2-4) and rodents (5-7). 
In addition, the nocturnal increase in plasma leptin observed 
in humans could potentially arise as a delayed consequence 
of increased insulin-stimulated glucose metabolism follow- 
ing meals (8). The effect of glucose infusions to prevent the 
faU of plasma leptin during fasting in human subjects may 
be similarly mediated (2). 

Thus leptin secretion appears to reflect the amount or 
elucose' transported and metabolized by adipose tissue. 
There is convincing evidence that suggests that a significant 
portion of glucose entering adipose tissue is metabolized to 
lactate and released (34, 35). This lactate may contribute to 
the pool of gluconeogenic precursors during fasting. Our 
results show that when a smaller proportion of glucose car- 
bon taken up by adipocytes is released as lactate, more leptin 
is secreted. These data are consistent with the changes in 
leptin secretion observed during fasting and refeeding. In 
addition, fructose, in the presence of low glucose concentra- 
tions stimulates leptin secretion, demonstrating that a non- 
glucose substrate can induce the adipocyte to secrete leptin 
and suggesting that stimulation of leptin secretion by glucose 
metabolism occurs downstream of phosphofructokinase. 

In summary, blockade of glucose transport or inhibition of 
glycolysis inhibits leptin secretion from and gene expression 
m isolated cultured adipocytes. The secretion of leptin is 
directly proportional to the amount of glucose taken up by 
the adipocytes. These results suggest that leptin secretion is 
linked to glucose transport and metabolism and help to ex- 
plain the known effects of feeding/ fasting and long term 
glucose and insulin administration on circulating leptin 
concentrations. 

Acknowledgments 

We acknowledge the expert technical assistance of Ms. Debbie Porter, 
and thank Drs. Richard Freedland, Michael Schwartz, and Barbara Kahn 
for their helpful advice and discussion of the results. 

References 

1 Caro )R* Sinha MK, Kolaczynsld JW, Zhang PL, ConsMine RV 1996 Leptin: 

the tale of an obesity gene. Diabetes 45:1455-1461 
2. B^nG,Chen X, MoSoll M, Ryan 1 1996 Effect of fasting on serum leptm 

Z ^™Tl humWsubiects. J Clin Endocrinol Metab 813419-3423 

3 SI S PBTSUor WE, Steiner RA, Soide* MR, Kui jper JL 
Effect of fasting, refeeding, and dietary fat restriction on plasma leptin levels. 
I Clin Endocrinol Metab 82361-565 . . . 

4 Dub« GR, Phinney SD, Stem JS, Havel PL Changes of «um leptin and 
endoo-ir* and metabolic parameters after 7 days energy restriction m men and 
women. Metabolism, in press w,_^jn;„ f 

5 Ahima SR, Prabakaran D, Mantooro. CQuD, Lowell B, MaratosJlier E, 
Flier JS 19% Role of leptin in the neuroendocrine response to fasting. Nature 

6 rSlfRayner DV, Holmes S, Traym,™ P 1996 Circulating teptmlevek 

modulated by fasting, cold exposure and insulin administration m lean but 
SzutoW^in^JTby EUSA. Kochem Biophy, Res Commun 

7 ^ief b" M^nswn S, Gingcrkh RL, Havel PJ 1 ^ ^t«nof lepto 
£mL Uucnce of age. high-fat diet and fasting. Am J Physiol 

8 Sinha MK, Ohannesian JP, Heiman ML, Knaucuuus A, Stephens TW, 



Downloaded from endo.endojoumals.org on December 21. 2004 



558 



GLUCOSE METABOLISM AND LEPTIN SECRETION 



En do • 1998 
Vol 139 * No 2 



„ w r rairn re 1996 Nocturnal rise of leptin in lean, obese, and 

Magosin S, Marco C C«oJ^^ sub jects. J Clin Invest 97:1344-1347 

non-msulm-dependent v^enquta J-C, Brichard SM 1995 Diet- 

Lett 371324-328 Ro h-aer-Jeai-«na n dF,Jean«naudB1995The 
W - ^SSSS^SSff^ to dues to to -deeding of 

0besit>r - .T^^MiUo M, Lelurque A, G irardJ,StaelsB,Auwwt 

11. Saladin ^ obese g«« expression after food intake or insulin 
J1995Ti^entuKreasemoooepa t- 

adrninisttatkm. Naw B C, Friedman JM, Ailhaad G, Dani 

12. Leroy P ' D ^^ S ' f V i"'S adipose cells. ] Biol Chem 2712365-2368 

C 1996 f^KU T^sTruU T 1996 Regulation of obese gene 

^ol'^o^ i in primary cultures of rat adipocytes. Eur ] 

^^I^vIJSL. S Mueller W, Johnson PR, Gingerfch RL, Stem JS 
14. Havel PJ, Kasim-Karal^st., wue plasma insulin and adiposity in normal 

™I?^M P r£§?™^^ ° l A ^ fat M SUStaiMd 
wSfht loss-JClin J*^^?^ p^tptn levels correlate to islet 
S^ep^SoW 2^ postnZpaus* « Diabetes 

tfl ^cTw^rMR^n^in, RV, Bode* G, NoUn I, Henry K 

17. Kolaczynsta JW, Nyce w Acute and chronic effect of insulin on 

leptin produchwinhurons-s™^ Kasim-Karakas S 1996 Leptin/ 

18. Havel PJ. Aoki TT, Gr«» rDDM and NIDDM and in- 

4:15S (Abstract) Makimattila S, Yki-Jarvinen H. 19% Supra- 

physiolc^ hyp^ 1 ^^ 45:1364-1366 

4 h in normal subjects- "JiaDe== . drculating leptin in proportion to 

20. Havel PJ VK7 ^^^^^f^^^be^^UO^-^ 
adipose^ ; m HoXarm RG, Maas Dl^Heruies MMT, 

21. S»r^«^ GtKntower n, concentra(ions; effects of erfended fasting 
Klssebah AH 1996 "f™ J^Le infusions. Obesity Res 4:13S (Abstract) 
and stepwi* ^f^oX V^uTan WA, Mobbs CV 1996 Effects of 

& ^nTand ^ ^ mi ™ : ^P™^ ^ 

glucose^Hc^ M^.^^ stem JS, Keen CL 1997 Marked and 



24. Havel PJ, Connors MH, Acerini CL, Crown* ED, Dunger DB 1997 Plasma 
lectin is increased proportionally to adiposity by physiologic insulinenua m 
irLlm^epertdent diabetes. Diabetologia [Suppl 1] 40lA268 (Abstract) 

25 Hazen SA^Rowe WA, Lynch CJ 1995 Monolayer cell culture of freshly isolated 
adipocytes using extracellular basement membrane components. J Lipid Res 
36^868 -~87S 

26 Haiduck EJ, Guerre-Millo M, Halnault 1A, Guichard CM, Lavau MM 1992 
' Expression of glucose transporters (GLUT1 and GLUT4) in primary cultured 

rat adipocytes: differential evolution with time and chronic insulin effect J Cell 
Biochem 49251-258 ri 

27 Rodbell M 1964 Metabolism of isolated fat cells. L Effects of hormones on 
' elucose metabolism and lipotysis. J Biol Chem 239375-380 

28 Brown J 1962 Effects of 2-deoxyglucose on carbohydrate metabolism: review 
of the literature and studies in the rat. Metabolism 11:1098-1112 

29 Wierlinga T, Van Patten JP, Krara HM 1981 Rapid phloietih-induced de- 
' phosphorylation of 2-deoxyglucose-6-phosphate in rat adipocytes. Bfochem 

Biophys Res Commun 103*41-847 

30 Marette A, Bukowieeld LJ 1991 Noradrenaline stimulates glucose transport in 
rat brown adipocytes by activating thermogenesis. Evidence that fatty acid 
activation of mitochondrial respiration enhances glucose transport. Biochem 
1 277*119-124 

31. Nimmo GA, Nimoto HG 1984 Studies of rat adipose tissue glycerol phosphate 
.acyi transferase. Biochem J 224:101-108 

31 Holland RI 1977 Effect of fluoride on glycerol production in rat adipocytes in 
vitro. Acta Pharmacol Toxicol 41:97-10239 

33 Mlzuno TM, Bergen H, Funabashi T. KleopotilM SP, Zheng YG, Bauman 
WA, Mobbs CB 1996 Obese gene expression: reduction by fasting and stim- 
ulation by insulin and glucose in lean mice, and persistent elevation in ^l^ff 
(diet-induced) and genetic (yellow agouti) obesity. Proc Natl Acad Sci USA 
93 '3434 —3438 

34 Dinrolamo M, Newby FD, Lovejoy J 1992 Lactate production in adipose 
tissue: a regulated function with extra-adipose implications. FASEB J 
6*2405^412 

35 Heckler BK, Carey GB 1997 Lactate production by swine adipocytes: effects 
of age, nutritional status, glucose concentration, and insulin. Am J Physiol 
272iaS957""E966 

36 Vidal H, Auboeuf D, De Vos P, Slaeb B, Riou JP, Anwerx J, Laville M 1996 
The expression of <* gene is not acutely regulated by insulin and fasting in 
human abdominal subcutaneous adipose tissue. J Clin Invest 98251-255 

37 Maven PA 1993 Lipid transport and storage. Ire Murray RK, Grarmer DK, 
' Mayes PA, Rodwell VW (eds) Harper's Btodwmistry. Appleton and Lange, 

Norwalk, pp 250-265 , 

38 Moore KH, Tsateos P, Staudacher DM, Kiechle FL 1996 Counter modulation 
' of adipocyte mitochondrial processes by insulin and S-oxalylglutathione. Int 

J Biochem Cell Biol 28:183-191 



Downloaded from endo.endpjoumals.org on December 21. 



€ 



Effects of Metformin and Vanadium on Leptin 
Secretion from Cultured Rat Adipocytes 



JSraXER WENDY M-, . KIMBER L. STANHOPE. 
FIWNONE GREGO.RE, JOSEPH L. EVANS AND 

PETER J HAVEL. Effects of metformin and vanadium on 
leptin secretion from cultured rat adipocytes. Obes Res. 
2000:8:530-539. . 
Objective: We have reported that glucose utilrzation regu- 
lates leptin expression and secretion from isolated rat adi- 
pocytes In this study, we employed two antidiabetic agents 
Lt act to increase glucose uptake by peripheral tissues, 
metformin and vanadium, as pharmacological tools to ex- 
amine the effects of altering glucose utilization on leptm 
secretion in primary cultures of rat adipocytes. 

m£ m*"* «" Procedures: ^^^^ 
0»V of packed cells per well) were anchored I in a 
defined matrix of basement membrane components (Ma n- 
2 > with media containing 5.5 mM glucose and incubated 
far 96 hours with metformin or vanadium. Leptin secretion, 
glucose utilization, and lactate production were assessed. 
Ete- Metformin (0.5 and 1.0 mM) increased glucose 
iTke in the presence of 0.16 nM insulin by 37 ± 0% 
T< 0 005) and 62 ± 8% (p < 0.0001) over msu m alone 
resoectivelv. Metformin from 0.5 to 5.0 mM increased 
a production by 105 ± 43% (p < 0.025) to 202 ± 52% 
Z < 0 P 0025) and at 1.0 and 5.0 mM '"creased the propor- 
L™\ rate of glucose conversion to lactate by 78 ± 18 /» (p 
< O OOsTand 166 ± 41% <p < 0.0025), respectively. At 
concentrations less than 0.5 mM, metformin did not affect 
leptin secretion, but at 0.5 mM, the only eventration that 
!gnificantly increased glucose utilization without increas- 
ing glucose conversion to lactate, leptin secretion was mod- 
ing giu^. Q5 . Concentrations 

estly stimulated (by 2U -- p u ; 
from i.O to 25 mM inhibited leptm secretion by 25 ± 8/o 
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{p < 0.005) to 89 ± 4% (p < 0.0001). Across metformin 
doses, leptin secretion was inversely related to the percent- 
age of glucose taken up and released as lactate (r = -0.74; 
p < 0 0001). Vanadium (5 to 20 /aM) increased glucose 
uptake from 20 ± 7% (p < 0.01) to 34 ± 13% (p < 0.02) 
and increased lactate production at 5 /aM by 17 ± 8% (p < 
0.025) and 10 pM by 61 ± 20% (p < 0.02) but did not alter 
the conversion of glucose to lactate. Vanadium (5 to 50 pM) 
inhibited leptin secretion by 33 ± 6% (p < 0.0025) to 61 ± 
8% <p < 0.0001). 

Discussion: Both metformin and vanadium increase glu- 
cose uptake and inhibit leptin secretion from cultured adi- 
pocytes. The inhibition of leptin secretion by metformin is 
related to an increase in the metabolism of glucose to 
lactate. The inhibition by vanadium most likely involves 
direct effects on cellular phosphatases. We hypothesize that the 
effect of glucose utilization to stimulate leptin production in- 
volves the metabolism of glucose to a fate other than anaerobic 
lactate production, possibly oxidation or lipogenesis. 

Key words: glucose uptake, lactate production, 
anaerobic metabolism 

Introduction 

The adipocyte hormone, leptin, has a central role in the 
regulation of food intake, energy expenditure, and body fat 
stores (1,2). Circulating leptin concentrations are well cor- 
related with adipose stores in humans (3-5) and animals 
(5-7). However, leptin production is also acutely regulated 
by nutritional status. For example, circulating leptin de- 
creases after fasting'(6,8-10) or energy restriction (11.12) 
and increases after refeeding or overfeeding (9,13). These 
changes of circulating leptin are disproportionate to the 
relatively small changes of body fat. Although the regula- 
tion of leptin expression and secretion is incompletely un- 
derstood, changes of insulin secretion during fasting and 
refeeding precede changes of circulating leptin concentra- 
tions. There is a growing body of evidence that suggests a 
role for insulin and glucose in mediating changes of circu- 
lating leptin levels in vivo. For example, infusion of small 
amounts of glucose to prevent the reductions of insulin and 
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ducose during fasting in humans also prevents the decrease 
in olasma leptin (8). Although insulin administration does 
not acutely increase plasma leptin concentrations in human 
subjects (14,15) increases have been reported after 4 to 6 
hours during insulin infusions producing supraphys.ological 
(16 17) or physiological (18) increments of plasma insulin 
evels Similarly, prolonged hyperglycemia and hypennsu- 
linemia in response to extended glucose infusions mcreases 
masma leptin after several hours in nonnuman pnmates (7) 
and human subjects (19). Lastly, leptin concentrations 
increase d to 6 hours after high carbohydrate meals, 
which induce large plasma insulin and glucose responses 

in humans (20). . . 

In vitro studies have shown that insulin increases leptin 
expression and secretion in isolated rodent (21-23) and 
human (15,24) adipocytes. It has not, however, been clear 
whether the effect of insulin to increase leptin production is 
a direct consequence of increased insulin signaling or might 
be indirectly mediated by insulin's actions on glucose me- 
tabolism Several in vivo studies have provided support for 
the latter explanation. First, glucose administration induces 
increases of ob mRNA expression, which are more closely 
related to changes of plasma glucose than to plasma insulin 
concentrations (25,26). 

In addition, the decrease in plasma leptin during marked 
caloric restriction in humans is better correlated with the 
decrease in plasma glucose than with changes in insuhne- 
mia (11 12) Furthermore, we have found that low plasma 
lemin levels in insulin-deficient streptozotocin diabenc rats 
are acutely increased by insulin administration m proportion 
to the degree of glucose lowering (27). Further support from 
in vitro experiments for a role for adipose glucose utiliza- 
tion in the regulation of leptin production is prodded by our 
recent report that increased glucose metabolism is an tm- 
nortant mediator of insulin-stimulated leptin expression and 
secretion Blockade of glucose uptake or inhibition of gly- 
colysis decreases ob gene expression and leptin secretion in 
isolated rat adipocytes (28). However, glucose uptake by 
itself only seems to be important in that glucose must first 
be taken up by the adipocytes before it can be metabolized. 
Rather than glucose uptake per se, the inverse relat.onsh.p 
observed between the proportional conversion of glucose to 
lactate and leptin secretion by isolated adipocytes (28), 
suggests that a regulatory step for glucose metabolism to 
mediate changes of leptin production involved the metabo- 
lism of glucose to a point beyond the anaerobic metabolism 
of «lucose-derived pyruvate to lactate; 

Metformin and vanadium are two antidiabetic agents, 
which are able to enhance glucose uptake and utilization by 
neripheral tissues (29,30). In the present study, we em- 
nloved metformin and vanadium as pharmacological tools 
to examine the effects of altering adipocyte glucose utiliza- 
tion on leptin production in primary cultures of isolated 
adipocytes. Glucose utilization, lactate production, and lep- 



tin secretion were measured over 96 hours in isolated rat 
adipocytes cultured in a basement membrane matrix that 
maintains adipocyte differentiation. 

Research Methods and Procedures 
Materials 

Media (Dulbecco's modified Eagle's medium [DMEM]) 
and fetal bovine serum (FBS) were purchased from Life 
Technologies (Grand Island, NY). The media was supple- 
mented with 6 mL each of minimal essential medium amino 
acids, penicillin/streptomycin (5000 U/mL/5000 ftg/mL), 
and nystatin (10,000 U/mL; all from Life Technologies) per 
500 mL of DMEM. Bovine serum albumin fraction V, 4-{2- 
hydroxyethyl)-l-pipera2ineerhansulfonic acid (HEPES), colla- 
genase {Clostridium histolyticum, type II; specific activity, 456 
U/mg), insulin, and metformin were purchased from Sigma 
Chemical Co. (St. Louis, MO). Matrigel matrix was purchased 
form Becton Dickinson (Franklin Lakes, NJ). Bis(maltolato) 
oxovanadium(lV) (BMOV), an organified form of vanadium 
(31), was a gift from Drs. John McNeill and Violet Yuen, 
Department of Pharmaceutical Sciences, University of British 
Columbia, Vancouver, BC, Canada. Six-well Falcon plates 
were purchased from Fisher Scientific {Pittsburgh, PA). Nylon 
filters were purchased from Tetko (Kansas City, MO). 

Animals 

Male Sprague-Dawley rats (3 to 6 months of age) were 
obtained from Charles River (Wilmington, MA). Animals 
were housed in hanging wire cages in temperature- 
controlled rooms (22 °C) with a 12-hour light-dark cycle 
and fed Purina chow diet (Ralston-Purina, St. Louise, MO) 
and given deionized water ad libitum. Animal use and care 
was in accordance with the National Institutes of Health 
Guide for the Use and Care of Laboratory Animals and 
conducted in facilities accredited by the American Associ- 
ation for Accreditation of Laboratory Animal Care. The 
study protocol was approved by the Administrative Animal 
Use and Care Committee at University of California, Davis. 

Methods 

Cell Isolation/Preparation. Adipocytes were prepared 
from epididymal fat pads from male Sprague-Dawley rats 
weighing 300 to 600 g. Epididymal fat depots were 
resected from halothane-anesthetized rats under aseptic 
conditions, and adipocytes were isolated by collagenase 
digestion by the Rodbell method (32) with minor 
modifications as previously described (28). The 
isolated adipocytes were then incubated for 30 minutes 
at 37 °C before being plated and cultured on Matrigel- 
coated plates. 

Adipocyte Culture. Adipocytes were maintained in culture 
anchored to a basement membrane matrix (Matrigel, 
Becton Dickinson). Although all in vitro systems have 
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inherent advantages and disadvantages, advantages of this 
system compared with cultures containing free-floating 
adiDoevtes are that the matrix simulates their normal 
basement membrane attachment and that the cells are 
maintained in close proximity to each other, allowing 
direct cell-io-cell contact. Together the cell contact and 
basement membrane attachment help to maintain dif- 
ferentiation, because adipocytes have a strong tendency to 
dedifferentiate in long term (>24-hour) culture. In 
addition the matrix and the small amount of serum in the 
media both contain growth factors, which are also likely 
10 help maintain cell differentiation. Furthermore the 
adipocytes in this system are not exposed to toxic levels 
of oxvEen at the interface of the media and the incubator 
atmosphere, as opposed to free-floating adipocytes which 
negate at the surface of the media. An advantage of 
the system over those containing minced adipose tissue is 
that all of the cells in the culture are equally exposed to 
the nutrients and the oxygen dissolved in the media. 
Thus although clearly different from the in vivo situation 
we believe that this system provides a more physiological 
environment than most systems for maintaining 
adipocytes in long term culture. In the case of the present 
studies, the goal was to examine the direct actions of 
metformin and vanadium on leptin production and 
adipocyte metabolism. Therefore, the advantage of 
employing in vitro experimentation for this purpose over 
in vivo models was that it was possible to control 
confounding variables, such as effects of these agents on 
food intake, which would indirectly influence leptin 
nroduction via changes of insulin secretion (18,20). 
Unlike an in vivo system, in this study the environment 
surrounding the adipocytes within the individual wells of 
each culture plate was identical with the exception of the 
presence or absence and the concentration of metformin 
or vanadium, allowing assessment of the direct effects of 

the treatments. 

In culturing each suspension, Matrigel was first thawed 
on ice to a liquid and uniformly applied to the surface of 
culture dishes (300 |tL of Matrigel/35-mm well). After 
,he incubation period, 150 „L of the adipocyte 
suspension (2:1 ratio of packed cells to media) were 
plated on the liquid Matrigel matrix. Adipocytes from 
each suspension were thoroughly mixed with a transfer 
pipette before plating to insure that a similar number of 
adipocytes with a similar size distribution were added to 
the control and experimental wells for each suspension. 
The warmth of the added cells and media caused the 
MatriRel to gel around the adipocytes, effectively 
anchoring them to the culture dish. After a 30-minute 
incubation at 37 °C, 2 mL of warm culture medium was 
added The cells were maintained in an incubator at 37. 
°C for 96 hours with 6% CO,. Aliquots of adipocytes 
from each animal were divided into wells, with the 



different concentrations of either metformin or vanadium 
(as detailed below). In each plate an appropriate con- 
trol well contained adipocytes from the same animal. 
Adipocytes were incubated with media (DMEM) con- 
taining. 5.5 mM (100 mg/dL) glucose plus 5% FBS at five 
concentrations of Metformin (0.1, 0.25, 0.5, 1.0, 5.0, and 
25.0 mM). A low basal concentration of insulin (0.16 
nM) was added to the incubations performed with 
metformin, because metformin is thought to act in part by 
increasing insulin signaling (33,34). Vanadium was added 
at four concentrations (5.0, 10.0, 20.0, and 50.0 fiM) in 
DMEM with 5.0 to 5.5 mM glucose and 1% FBS. 
Adipocytes were cultured with vanadium without added 
insulin, because vanadium action is considered to be 
largely independent of insulin (35,36). To examine the 
responses to insulin in the adipocytes obtained from each 
adipocyte suspension in the vanadium experiments, a 
separate well containing 1.6 nM insulin was included for 
each suspension. In all experiments, aliquots of media 
(300 n-L, 15% of the media volume) were collected from 
culture wells and replaced with fresh media containing 
the appropriate concentrations of metformin or vanadium 
at 24, 48, 72, and 96 hours. 

Assays. Leptin concentrations in the medium were 
determined with a sensitive and specific radioim- 
munoassay for rat leptin (37) with reagents obtained from 
Linco Research, St. Charles, MO. Glucose and lactate 
were measured with a glucose analyzer (model 2300, 
YSI, Yellow Springs, OH). 

Data Analysis. The uptake of glucose was assessed by 
measuring the concentration of glucose in the media in 
each well before and at 24, 48, 72, and 96 hours of 
incubation and calculating the decrease over 96 hours 
after correcting for the amount of glucose that was 
removed during each 24-hour media sampling and the 
amount added by the replacement of fresh media (15% of 
total volume).- Lactate production was calculated as the 
increase of media lactate at 24, 48, 72, and 96 hours by 
correcting for the amount of lactate removed by sampling 
and added with media replacement. To examine the 
relationship between adipocyte carbon flux and leptin 
secretion in adipocytes cultured with metformin or 
vanadium, the amount of carbon released as lactate per 
amount of carbon taken up as glucose over 96 hours was 
calculated as lactate production/glucose utilization and 
expressed as a percentage (28). Cumulative leptin 
production was calculated as the change of media leptin 
concentrations at 24, 28, 72, and 96 hours with correction 
for the amount of leptin removed during sampling. The 
area under the curve for leptin production between 0 and 
96 hours was calculated by the trapezoidal method. The 
experimental results from each adipocyte suspension 
prepared from a single animal were analyzed in relation 
io a control well from the same suspension. Given the 
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individual variation in leptin responses between animals 
individual vu appropriate to compare 

and/ ° r d -ated ad£oc*es from different 

mea m "als rdVorsuspensions. Therefore, the means for all 
:r C ttrol^n J metformin („ = 18) and vanadium 
h „ e = H experiments contain a larger sample stze («) of 
( - iVand/or suspensions than all except the 1.0 mM 
amma • Xch was studied in every experiment. 

metfom " n h number of wells with a particular 

ThUS ' 7 tinn ofmetfomin or vanadium differed from the 
concentration of me ™ weUs ( 0 . 5 mM metformin; 

r? ;;t e .; ins - * 

~ ^Hinff control well from the same suspension tn 
To examine the relationships 
LwTen he medium concentrations of metformin or 
vanadium, glucose uptake, lactate production, and glucose 
vanadium, g r secretion, simple and 

SE?ta£ ana * ses were performed wi \ a 

■Sffi^SJc Parage (StatView for Macuuosh, 

me Ssm at concentrations greater than 5.0 mM. results 
%£tZ~ i-ubated with me.formin at concentrations 
from curat included in these analyses. 

Ld J m seUion was also examined within ^control 
groups alone. Data are expressed as means + SEM. 

Results 

^.^iKSbnnin on glucose uptalce. lactate pro- 
The effects or m examined. Metformin at 

duc Uon,andleptm secre^on 

w h thl ceding control suspensions con- 

f^J:T< 0005) and ..0 mM (+62 ± 8%,P< 

0 0001) compared with that in the corresponding control 
0.0001) comP mM> se uptake 

SUSPC Tr n Lt ly'di Kent from control. Higher concen- 

< T™^2n%2S.O mM) markedly inhibited glu- 

" ° lie mo t ik ly reflecting a toxic effect of me,- 
upta e ^mojM* V ^ Melformin had n0 

SJ < 0 0025) vs insulin alone (Table 1, Figure 1). At 
Orations of 25.0 mM, lactate production was mark- 
S^SS?J< 0-0001). because glucose utilization was 



almost completely suppressed. Concentrations of metformin 
of 0 5 mM and below did not affect the proportional con- 
version of glucose to lactate (Table 1). However, glucose 
conversion to lactate was increased at a concentration of 1 .0 
mM and this effect was marked at 5.0 mM with more than 
twice the amount of glucose released as lactate (Table 1). 
Although 1.0 mM metformin did increase mean glucose 
uptake over control rates, a significantly larger proportion of 
the glucose that was taken up was released as lactate. The 
concentration of 0.5 mM was the only level of metformin 
that induced a significant increase of glucose utilization 
without increasing the proportion of glucose carbon re- 
leased as lactate (Table 1). 

At concentrations of metformin lower than 0.5 mM, 
leptin secretion was unaffected. With metformin at 0.5 mM, 
the area under the curve (AUC) for leptin secretion over 96 
■ hours was significantly greater (+20.5 ± 9%, p < 0.05) 
than control (Figure 2). Metformin inhibited leptin secretion 
at concentrations of 1.0 mM (-25 ± 8%. p < 0.005), 5.0 
mM { _ 89 ± 4%, p < 0.0001), and by 90% at toxic 
concentrations of 25.0 mM (p < 0.0001) (Figure 2). 

Within the 18 control wells, leptin secretion was 
inversely related to the conversion of glucose to lactate 
( r _ -0.61; p < 0.01). At metformin concentrations from 
0 to 5.0 mM, leptin secretion was inversely proportional to 
the log of the metformin concentration (r = -0.53; p < 
0 0001), to lactate production (r = -0.53; p < 0.0001), and 
to the proportional conversion of glucose to lactate across 
metformin doses (r = -0.74; p < 0.000 l)(Figure 3) but 
was not related to glucose uptake (r - 0.13; p - 0.27) by 
simple regression. By multiple regression analysis, leptin 
secretion was inversely related to the conversion of glucose 
to lactate (p < 0.0001) but not to the log of the metformin 
concentration (p = 0.91), lactate production (p = 0.39), or 
glucose uptake (p = 0.62). Leptin secretion was only in- 
creased over control by metformin at 0.5 mM, which was 
also the only concentration that significantly increased glu- 
cose uptake without shunting a greater proportion of the 
glucose into lactate production (Table 1). A similar inverse 
relationship (r = -0.73; p < 0.0025) between leptin pro- 
duction and anaerobic glucose metabolism to lactate was 
observed in 32 control wells containing either no insulin or 
a low insulin concentration of 0.16 nM (-20 ^U/mL) 
(Figure 4). 

Effects of Vanadium 

The effects of vanadium on glucose uptake, lactate pro- 
duction, and leptin secretion were examined in adipocytes 
cultured with concentrations of vanadium of 0 to 50 p-M. 
Vanadium at 5.0 pM (+20 ± 7%, p < 0.01), 10.0 pM 
(+38 ± 12%, p < 0.02), and 20.O pM (+34 ± 13%, p < 
0 02) increased glucose uptake, compared with rates of 
glucose uptake in the corresponding control suspensions 
(Table 2, Figure 5). The effect of vanadium at these con- 
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" U1 , vrr .« of metformin in the presence of 0.16 nM insulin on glucose uptake, lactate production and the 
pe a rcenige?f that was released as lactate by isolated rat adipocytes over 96 hours » 
culture (mean ± SEM) _____ - 



IMetforminl (mM) 
Insulin (0.16 nM) 



Control (n = 18) 

0.1 (n = 4) 

0.25 (n = 5) 

0.5 (n = 9) 
1.0 (n - 18) 
5.0 {n= 15) 



Glucose uptake 
(jxmol) over 96 hours 



Lactate production 
(/jimol) over 96 hours 



7.5 ± 0.7 
6.5 ± 0.9 
11.0 ± 1-4 
11.0 ± 1.2T 
11.6 ± 0.7J 
8.3 ± 0.6 



5.7 ± 0.5 
5.9 ± 0.6 
8.6 ± 1.3 
9.5 ± 1.2f 
14.4 ± 0.9t 
14.4 ± 1.0$ 



*p = 0 01- tp = °- 005 ; *P = 0 0005; VS ' 00 ™P ond ' I, « controls ftom the Same adipocyte suspensionJi ' 



Glucose to 
lactate (%) 



40.9 ± 3.6 
47.2 ± 6.3 
40.2 ± 5.9 
44.9 ± 5.1 
63.8 ± 3.4* 
85.6 ± 4.1$ 



eventrations was comparable to that of insulin at 1.6 nM, 
which increased glucose uptake by 38 ± 8/o <p < 
0 0001 .(Table 2, Figure 5). Vanadium at 50.0 fiM did not 
significantly affect glucose uptake (%A = -4 ± 14/o). 
Vanadium at 5.0 u.M increased lactate production by + 

17 ± 8% (p < 0 0 25 )- Mean lactate P™^ 041011 in the S1X 
wells that served as controls for the 10.0 uM concentration 
of vanadium was lower than average; however, lactate pro- 
duction was increased in five of six corresponding experi- 
mental wells. Thus, vanadium at 10 ixM increased lactate 
production by 61 ± 20% (p < 0-02) despite absolute lactate 
production being similar to the mean of the total 14 control 
wells At 20.0 and 50.0 ftM, lactate production was not 
significantly different from that of the control (Table 2). 
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Figure J Glucose utilization (corrected for media sampling and 
replacement) over 96 hours by isolated rat adipocytes in primary 
culture with insulin at 0.16 nM and metformin at concentrations 
from 0 to 25.0 mM. 



Insulin at 1.6 nM increased leptin secretion over 96 hours 
by 59 ± 15% (p < 0.005) and the 0- to 96-hour AUC by 
38 ± 8% (p < 0.000 l)(Figure 5). Leptin secretion was 
unaffected by vanadium at a concentration of 5 jjM. Higher 
concentrations of 10, 20, and 50 iaM consistently inhibited 
leptin secretion over 96 hours by -33 ± 6% (p < 0.0025), 
-53 ± 7% (p < 0.0001), and -61 ± 8% (p < 0.001), 
respectively (Figure 6). Across vanadium concentrations, 
leptin secretion at 96 hours was positively correlated with 
glucose uptake (r = 0.35; p < 0.02) and inversely related to 
the log of the vanadium concentration (r = -0.44; p < 
0.0001), to lactate production (r = — 0.30; p < 0.025), and 
to the conversion of glucose to lactate (r = -0.58; p < 
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Figure 2. Leptin secretion (corrected for media sampling and 
replacement) over 96 hours by isolated rat adipocytes in primary 
culture with insulin at 0.16 nM and metformin at concentrations 
from 0 to 25.0 mM. 
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Figure 3. Relationship between the percentage of ^ JJ 
• T « lactate and leptin secretion over 96 hours by 

' ^ Zl in orimaTculture with insulin (INS) at 0.16 nM and 
a d,pocytes , i primary ™ 0 to 5 0 mM . Leptin 

SST^SiScn. and iactate production are corrected 
for media sampling and replacement. 



0 OOOH (data not shown). By multiple regression analysis 
wtin secretion at 96 hours was more closely related to 
Z cos ^ Version to lactate (p < 0.0001) than to absolute 
f tat production (p < 0.02) or the log of the vanadtum 
concenLlon (p < <>° 05 > and WaS n0t * abS ° lUte 
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figure 4. Relationship between the percentage of glucose taken up 
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secVetion glucose utilization, and lactate products are corrected 
for media sampling and replacement. 



glucose uptake (p = 0.22). Despite the relationship between 
leptin secretion and the conversion of glucose to lactate 
across vanadium concentrations, unlike with metformin, the 
percentage of glucose released as lactate was not altered 
by any concentration of vanadium (Table 2). In contrast, 
insulin at 1.6 nM, which significantly decreased the 
proportional conversion of glucose to lactate (i.e., anaer- 
obic' glucose metabolism) (Table 2), stimulated leptin 
secretion (Figure 6). 



Discussion 

We have recently reported that insulin-mediated glucose 
metabolism is an important factor regulating leptin expres- 
sion and secretion in isolated rat adipocytes (28). Some 
previous studies have shown that drugs in the thiazo- 
lidinedione class, which are used in the treatment of type 2 
diabetes, can inhibit leptin production in vitro and in vivo 
(38,39). In the present study, we examined the effects of 
metformin and vanadium, two other antidiabetic drugs 
known to increase cellular glucose utilization, on leptin 
secretion, glucose uptake, and lactate production in isolated 
cultured rat adipocytes. Our goal was to use these com- 
pounds as tools to examine their effects for altering adipo- 
cyte glucose utilization on leptin secretion. Therefore, we 
used concentrations within a range that were found to pro- 
duce significant increases of adipocyte glucose uptake. Par- 
ticularly in the case of metformin, these concentrations 
(0.25 to 5.0 mM) were far above the range of plasma 
concentrations (0.005 to 0.02 mM) observed in patients 
treated with therapeutic doses, of metformin (40). In fact, at 
therapeutic concentrations, metformin seems to act primar- 
ily to inhibit hepatic glucose production with limited, if any, 
effects on peripheral glucose uptake (41-43). At therapeutic 
concentrations, metformin generally has little direct effect 
on glucose utilization in vitro (44,45). At concentrations 
higher than those achieved in serum with therapeutic met- 
formin administration, metformin stimulates glucose trans- 
port by rat (46,47) and human adipocytes (48), and in rat 
and human skeletal muscle (see reviews in 29,34,48,49). At 
the cellular level, high concentrations of metformin increase 
insulin receptor binding, along with tyrosine kinase activity, 
glucose transport, and glycogen synthesis (33,34). 

In the present study, metformin concentrations ranging 
from 0.5 to 5.0 mM increased both glucose uptake and 
lactate production. In addition to increasing absolute lactate 
production, metformin at 1.0 and 5.0 mM increased the 
percentage of glucose carbon that was metabolized to lac- 
tate and released into the culture media by 80% to 170%. At 
high concentrations of metformin (= 25.0 mM), both glu- 
cose uptake and lactate production were markedly inhibited, 
most likely due to a toxic effect of very high levels of 
metformin on cellular metabolism. Metformin at 0.5 mM 
modestly increased leptin secretion by -20%. 
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— — — ,- n c nU \ or vanadium on glucose uptake, lactate production, and the percentage 

TlLf^f^nXtl^ rdeTed Tlactate by isolated rat adipocytes over 96 hours in culture 

(mean ± SEM) 

IVanadium) (M-M); 
no insulin added 



Glucose uptake 
(jmmol) over 96 hours 



Lactate production 
(fjimol) over 96 hours. 



Control (fi = I 4 ) 
1.6 nM Ins (n = 14) 
5.0 (« = 12) 
10.0 (n = 6) 
20.0 (n = 12) 
50.0 (n = 13) 



6.8 ± 0.5 
9.4 ± 0.9§ 

7.8 ± 1.1§ 
8.2 ± 1.3 J 
8.7 ± 1.2J 

6.9 ± 1.02 



5.6 ± 0.6 

5.7 ± 0.7 
5.7 ± 0.6* 

5.2 ± 0.8t 

6.3 ± 0.6 
4.9 ± 0.5 



Glucose to 
lactate (%) 



42.4 ± 4.3 
33.0 ± 3.5$ 

40.5 ± 4.7 
36.0 ± 6.5 

41.6 ± 5.0 
53.3 ± 9.4 



> n = 0 05- t P - 0-02; %P = 0 0025; § P = ° ° 005: CQtreSpondine COntro ' ^ fr0r " "* adiPOCylC SUSpenSi °" S - 



Importantly, this was the only concentration of met- 
formin tested that increased glucose uptake without shunt- 
inTa Later proportion of glucose into lactate products. 
nVonSsrafconcentrations of 10 mM and h gher, leptm 
secretion was modestly to markedly suppressed 
TsSnif.cant proportion of glucose taken up by adtpose 
tissue .VmetaboLe' to lactate and released (50). At met- 
Sn concentrations * 5.0 mM, leptin secretin was ,n- 
vereely related to the amount of glucose taken up by the 
lipocytes, converted to lactate, and released mto the me- 
at We have previously observed that the sumulation or 
leptin secretion by insulin is associated not only w.th m- 
creased glucose utilization, bu. with a decrease in the pro- 
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portional conversion of glucose to lactate (28), a finding that 
was also observed within the control groups in the present 
study (Figure 4). Thus, when lactate production is increased, 
less carbon derived from glucose is available to enter the 
tricarboxylic acid cycle either for oxidation or use in de 
novo lipogenesis. Together, these data suggest that it is not 
glucose uptake, per se, but its metabolism beyond pyruvate 
and lactate in the adipocyte that is involved in the action of 
glucose to stimulate leptin secretion. Thus, the anaerobic 
metabolism of glucose does not stimulate leptin production. 
The entry of glucose into the hexosamine biosynthetic path- 
way and the production of UDP-glucosamine have been 
suggested as a mechanism by which glucose utilization can 
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Figure 6. Leptin secretion (corrected for media sampling and 
replacement) over 96 hours by isolated rat adipocytes in primary 
culture with vanadium at concentrations from 0 to 50.0 jiM or with 
insulin at 1.6 nM. 
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stimulate leptin production in appose t.ssue (il> H^ 
o7 results indicate that glucose can be metabolized to 
lactate a point well beyond where glucose enters the hex- 
osamine pathway, without stimulating leptm production. 
Therefore if the hexosamine pathway were to be the sole 
mechanism by which glucose regulates leptin products, 
one would need to postulate that either anaerobic glucose 
Metabolism and/or metformin itself, have an inhibitory 
Sect on glucose entry into this pathway. The results of 
^present study suggest that it is more likely that the 
effect of glucose metabolism to simulate leptin produc- 
tion involves glucose oxidation and/or the product.on of 

UP S™ "and 0,5 mM did not effect glucose 
me ,abolism or leptin secretion. Thus metformin at thera- 
peutic levels is unlikely to affect leptin product.on in vxvo. 
Of the concentrations of metformin tested in this study only 
.O S mM increased glucose uptake without shuntmg a larger 
proportion of the glucose into lactate. As previously dis- 
cussed this was the only concentrate of metformm that 
had e^ts on glucose metabolism that did not ,nh,b,t eptin 
secretion, and, in fact, leptin secretion was modestly in- 
creased at 0 5 mM. Thus, only when glucose uptake and its 
metabolism beyond lactate were simultaneously increased, 
Td we observe an increase, and not an inhibition, of lepttn 
secretion Therefore, it seems that only within a very narrow 
concentration range is metformin able to have a net effect to 
Lrease glucose uptake as well as .ts metabolism beyond 
ac tate in isolated adipocytes. Accordingly, the effects of 
metformin to inhibit leptin secretion at most concentrations 
SSL is likely to be a result of its effects to d.rect 
pyruvate metabolism into lactate and away from other po- 
tential pathways for pyruvate metabolism such as oxrfation 

^^euse^fvanadium-containing compounds in the treat- 
ment of diabetes has been widely investigated in animals 
™2 53 . and a few clinical trials have been conducted tn 
v, t, fl n natients (54,55). A compound structurally similar to 
^"SSniiW ""dium used in this sMdy (BMOV) 

toSy "> tered phase 1 dinical trialS - T ° ° ur kn °t 

edte the present siudy is the first report exarmn.ng the 
effects of a vanadium compound on leptin productmn m 

vivo or in vitro. 

Vanadium stimulated glucose uptake at concentrations up 
to 20 uM whereas glucose uptake was not affected by a 
concentration of 50 Lactate production was modesdy 
increased at the lower concentrates of vanadium. We 
found that vanadium at a low concentration of 5.0 /xM did 
not affect leptin production, however, concentrations of 
10 0 mM and higher inhibited leptin secret.on from isolated 
Idioocvtes by 30% to 60%. Although the amount of leptin 
secreted was inversely proportional to the percentage con- 
version of glucose to lactate across the concentrations of 



vanadium tested, this relationship was significantly weaker 
than that observed across metformin concentrations. 

Furthermore, the proportion of glucose taken up and 
released as lactate was unaffected by vanadium at any 
concentration. Thus, in contrast to what was observed with 
metformin, the ability of vanadium to inhibit leptin secre- 
tion seems to be independent of any effects on glucose 
metabolism or lactate production, most likely because it 
does not increase the proportion of glucose fluxing into 
anaerobic metabolism. 

The observed effects of vanadium result from one or 
more of the multiple known biological actions of vanadium 
in cells. These include the inhibition of protein tyrosine 
phosphatases and the activation of cytosolic protein- 
tyrosine kinases, resulting in the alteration of cellular ty- 
rosine phosphorylation content (30,56). Vanadium has also 
been shown to exert direct inhibitory effects on a number of 
other cellular enzymes, including acid, alkaline, and dual- 
function phosphatases, ATPases,' glucose-6-phosphatase, 
and fructose-2,6-bisphosphatase (30,55). At high concentra- 
tions, vanadium might exert some toxic effects on the cells, 
an effect which could underlie the lack of effect of the 
highest concentration of vanadium to stimulate glucose 
uptake, as well as the inhibition of leptin production at the 
two highest concentrations examined. In particular, the 
effects of vanadium to inhibit the activity of one or more 
enzymes involved in cellular energy metabolism could 
both inhibit leptin production and, at high concentrations, 
impair the ability of the celt to utilize energy derived 
from glucose metabolism. 

In vanadium-treated animals, plasma yanadium concen- 
trations have been estimated to be in the 10 to 20 j*M range 
and in human clinical trials in the 1 to 5 /iM range (53). 
Although it is unlikely based on the present results that the 
concentration of vanadium achieved in humans would be 
sufficient to affect leptin production, previous human stud- 
ies employed low doses of vanadyl sulfate or sodium meta- 
vanadate, which are molecular forms that exhibit poor 
bioavailability. The potential effects on leptin secretion of 
the more readily absorbed forms of vanadium, such as the 
organified vanadium compound (BMOV) used in 
the present study (31), should therefore be considered. 

In summary, both metformin and vanadium inhibit leptin 
secretion from primary cultures of rat adipocyte at concen- 
trations that significantly increase glucose utilization. The 
inhibition of leplin production by metformin, but not by 
vanadium, is related to an increased conversion of glucose 
to lactate (i.e., anaerobic metabolism). This effect of met- 
formin, coupled with our previous findings (28), suggests 
that the effect of glucose utilization to stimulate leptin 
production is not mediated by glucose uptake per se but 
involves the metabolism of glucose beyond pyruvate to a 
fate other than lactate, possibly oxidation or iipogenesis. 
Thus, metformin is a useful tool for examining the effects of 
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increasing anaerobic glucose metabolism. Further research, 
SSf examination of the potential roles of glucose 
ZSi ion and lipogenesis, needs to be conducted to deter- 
nine the precise biochemical and molecular mechanisms by 
which glucose metabolism regulates leptin product.on. 
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